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Abstract 
Shaping and cleaning in endodontics 
By 
Emad Moawad 
 
Introduction: Root canal instrumentation is a challenging procedure, due to different 
factors. These factors can be related to tooth anatomy, operator skills and experience and 
instruments used during the treatment. Certain areas regarding operator experience and root 
canal instrumentation in the endodontics literature are still not fully understood and are in need 
of further research.  
 
Aims: The aim of this thesis was to review the available literature on root canal 
instrumentation. The two main aspects investigated in this thesis, are operator experience and 
its effect on procedural errors during root canal instrumentation and the ability of rotary nickel 
titanium instruments in achieving three-dimensional instrumentation of the root canal system 
using modern instruments that can conserve the tooth structure. 
 
The objective of the 1st study is to investigate the procedural errors created and time efficiency 
of modern engine driven rotary endodontic file systems used by inexperienced users. 
 
The objective of the 2nd study was to investigate the percentage of root canal surface 
instrumentation and amount of dentine preservation achieved by a recently introduced 
endodontic file system claimed to achieve higher percentage instrumentation of root canal 
walls, whilst conserving tooth structure. 
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A second objective of this study was to investigate the instrumentation effect of XP-endo 
finisher (XPF) rotary NiTi file at the end of preparation sequence on the percentage of root 
canal wall instrumentation, following the use of XP-endo Shaper (XPS) file system compared 
with ProTaper Next (PTN) file system. 
 
Methodology: The evidence present in the literature regarding the effect of the operator 
experience on the amount of procedural errors created during root canal preparation and the 
efficacy of instrumentation of the root canal walls was reviewed and is presented in Chapter 
2. The literature was searched using google scholar, PubMed and web of Science and a 
narrative review was completed. 
 
An in vitro crossover randomised double blinded trial, using ProTaper Universal (PTU) or 
ProTaper Next (PTN) rotary nickel titanium (NiTi) files, to prepare simulated root canals by 
undergraduate dental students was conducted at the school of dentistry at University of 
Liverpool and is presented in Chapter 3. 
 
In vitro randomised single blinded trial was conducted to investigate the ability of 
instrumentation and conservation of tooth structure of two file systems XP-endo Shaper (XPS) 
rotary NiTi file and ProTaper Next rotary (PTN) NiTi file in 24 extracted mandibular molars, 
using Micro Computed Tomography (µCT) imaging and three dimensional analysis. 
 
Results: The literature revealed some gaps in knowledge regarding the effect of operator 
experience on the number of procedural errors produced during root canal preparation with 
some rotary file systems. There was a lack of evidence of recently introduced rotary file 
systems and its ability to instrument the root canal system. 
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The 1st study, showed that the PTN file system was better than the PTU in producing 
successful preparations in a shorter time than PTU in undergraduate hands. 
 
The XPS file system demonstrated better ability to instrument the canal walls, with a higher 
percentage canal wall contact compared with the PTN. XPS files were more conservative of 
the root dentine than PTN. XPF also showed improvement in the percentage of canal wall 
instrumentation as a finisher file at the end of the preparation without removing a significant 
amount of root dentine. 
 
Conclusions: In the hands of novice operators, PTN showed a lower incidence of procedural 
errors and better time efficacy during instrumentation of simulated canals compared with 
PTU.The XPS file system achieved high percentage of root canal wall instrumentation whilst 
preserving root canal dentine. Using XPF file as a finisher file after any rotary file system 
improves the percentage of mechanical instrumentation without a significant effect on the 
amount of dentine removed. 
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Structure of thesis 
The following is a brief overview of the subsequent chapters in this thesis, highlighting the 
main objectives: 
Chapter 1: Introduction: This chapter presents a definition of endodontology, the aim of 
root canal treatment and its main aspects. How the treatment was undertaken historically and 
how it developed and to identify the challenges faced. 
Chapter 2: Literature review: This chapter presents a broad overview of the academic 
insights and evidence found regarding endodontics. 
Chapter 3: First study: This chapter presents the 1st study conducted as a part of this thesis, 
investigating effect of operator experience on procedural errors. 
Chapter 4: Microcomputed tomography and image analysis: This chapter presents a brief 
view of micro-CT and imaging technology, showing how it works, challenges and what can 
be investigated using this technology. 
Chapter 5: Second study: This chapter presents the 2nd study conducted as a part of this 
thesis, investigating the ability of instrumentation of a recently introduced file system.  
 
Figure 1: illustrating the structure of the thesis and different chapters.  
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1 Chapter 1: Introduction 
 
“Endodontology is concerned with the study of the form, function and health of, injuries to 
and diseases of the dental pulp and peri-radicular region, their prevention and treatment; the 
principle disease being apical periodontitis, caused by infection” European Society of 
Endodontology (ESE, 2006) The aetiology and diagnosis of dental pain and diseases are 
integral parts of endodontic practice. The causes of endodontic problems are either 
inflammation or infection of the dental pulp.  When the dental pulp is insulted or injured the 
aim of the treatment is to protect and preserve the healthy peri-radicular tissue.  When the 
infection extends to the periapical tissues, apical periodontitis occurs, the aim of endodontic 
treatment is to reduce inflammation in the periapical tissues and promote the tissues’ 
reparative mechanism to interfere; such as a proliferation of healthy tissue and bone tissue 
regeneration to aid in recovery. That aim is achieved with non-surgical root canal treatment 
and sometimes surgical root canal treatment (Friedman et al., 2003, Marquis et al., 2006, 
Wang et al., 2004).  
 
Historically, endodontic treatment sought to cure the toothache due to inflammation; either of 
the pulp (pulpitis) or the peri-radicular tissue (apical periodontitis). 
In previous centuries the common method used to cure the pain was to cauterize the tissue 
either with a very hot wire or with chemicals. In 1836 arsenic was introduced and was used to 
devitalise the pulp. Later on the idea of removing the pulp from the tooth without any toxic 
chemicals was introduced in the 19th century, which is now described as the procedure of a 
Pulpotomy (Gunnar Bergenholtz  Nov 2009).  
 
Although the primary aim of endodontic treatment is to protect and preserve healthy peri-
radicular tissue, it is still not achieved by only removing the pulp tissue. The present treatment 
concept is more concerned with mechanically and chemically removing and disrupting the 
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bacterial ecosystem, which is the major cause of the infection. This occurs via sufficient 
biomechanical preparation, which is a mechanical shaping of the canal space to enhance 
effective chemical cleaning for the whole root canal system (Patel, 2013). The idea behind 
shaping the canals is to create a tapered funnel shape root canal space, which is wide coronally 
and narrow apically. The funnel shape aids in the flow and reachability of irrigants inside the 
root canal system. The aim is to reach everywhere inside the root canal system to the apex. 
The shaping procedure needs to respect the anatomy of the canals, preserve the tooth structure 
and maintain the position and structure of the apex. The funnel shape also aids receiving the 
root canal filling material and achieving a hermetical seal of the root canal space to prevent 
re-entry and leakage of bacteria (Schilder, 1974). 
 
Shaping of root canal space is a challenging step in root canal treatment, due to the complexity 
and variability of root canal anatomy (Vertucci, 2005). This is the reason why a lot of research 
and development in this specific area has been conducted. Research is divided into different 
aspects some are concerned with the technical side of the treatment, such as studies assessing 
shaping of the root canal system, different apical size and taper preparation, efficacy of 
different instruments in preparing the root canal walls and effect of this preparation on the 
original canal anatomy (Capar et al., 2014c, Card et al., 2002, Gagliardi et al., 2015, Mickel 
et al., 2007). Some other studies investigated the procedural errors during the preparation and 
its effect on the technical outcome of root canal treatment (Lin et al., 2005) Other studies 
investigated the effect of the mechanical shaping with different geometrical parameters on the 
irrigation used and its reachability inside the root canal system.(Boutsioukis et al., 2010) 
Obturation of the root canal system is also investigated, assessment of different types of sealers 
and different techniques of manipulation of the gutta-percha for obturation (Uranga et al., 
1999, Wu and Wesselink, 1993). In addition there is research involving the biological aspect 
of root canal treatment, including investigating the effect of different aspects of shaping the 
root canal space used in root canal treatment and their effect on the bacteria causing the 
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periapical infection, the effect on the host immunity and how they affect the immune response 
and the healing capacity (Klevant and Eggink, 1983, Sjögren et al., 1990).  
 
Root canal treatment success or failure has been directly linked to the persistence, recurrence 
or healing of intra-radicular or extra-radicular infection (ESE, 2006).Unsatisfactory shaping 
will not allow sufficient chemical cleaning, because multiple areas and spaces are already 
difficult to reach and only by shaping the canals the irrigant is able to reach these areas and 
clean them. In addition we might have procedural errors, which can affect the treatment 
success by failing to reduce bacterial load and remove necrotic pulpal tissues. There are 
multiple procedural errors, some of them affect the efficacy of the cleaning procedure by 
compromising the reach of either the instruments or the irrigants to the full dimensions of the 
canal space and clean them. Other procedural errors affect the structure and our ability to seal 
the root canal space, resulting in un-successful root canal treatment. However in non-infected 
root canals, procedural errors may not always influence the success. This is explained by 
having a non-infected root canal space, which even if not cleaned with high efficacy will still 
be free of the high bacterial load present in infected root canal system (Lin et al., 2005, 
Siqueira, 2001). 
 
The primitive features of shaping mentioned by Schilder in 1974 are still utilised today and 
consists of “continuous taper -largest diameter coronally and narrowest diameter apically, 
maintenance of the anatomy of the canal and preservation of the natural apical foramen 
location and size to be as small as practical” (Schilder, 1974).  Also there is a different concept 
of preparation utilised, which aims mainly for large apical size preparation and narrow taper. 
Some studies showed that larger apical size preparation minimum of ISO #35 decreases the 
bacterial load apically, as it has been shown by Card et al that a high percentage of the infected 
root canals from mandibular canines, premolars, and molar mesial roots will no longer harbour 
cultivatable bacteria when instrumented to the sizes used in his study by decreasing the dentine 
hosting the bacteria in the tubules and also decrease the depth of the tubules in this area 
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allowing the irrigant to penetrate a greater surface area and clean more space (Card et al., 
2002). However there are studies which contradict the results that there is no significant 
difference in the bacterial load between the small and large size apical preparation, as shown 
by Mickel et al that multiple studies have advocated using larger files to clean the apex. 
Although instrumenting canals to larger sizes may not be prudent in every case, minimal apical 
preparations based on clinical opinions are far more detrimental to the success of root canal 
therapy. An appropriate apical sizing method can help the operator avoid unnecessary 
enlargement of the apex whereas predictably reducing intra-canal debris (Baugh and Wallace, 
2005, Mickel et al., 2007). 
 
Initially only stainless steel file systems were available for shaping and they were used as hand 
files. They had various drawbacks, such as low flexibility and consumed a lot of time and 
effort to finish the shaping procedure. More recently Nickel-Titanium (NiTi) alloys have been 
introduced and proven to be better than Stainless steel with their higher flexibility and being 
more efficient in preparing the canals (Gambill et al., 1996, Garip and Günday, 2001); 
however they still have some weaknesses and need more development.  Nickel-titanium was 
introduced as either hand file systems or mechanical rotary file systems. The rotary filing 
system is more efficient and saves time and effort (Glosson et al., 1995). The rotary systems 
use either a continuous rotatory motion or a reciprocating motion. The recent trends in shaping 
are to have file systems able to achieve sufficient shaping and cleaning ability in less clinical 
time, thus reducing clinical costs for equipment and surgery time. This is the reason why single 
file systems have been introduced, so that shaping procedure from start to finish can be 
completed with a single file that creates the required apical size, taper and shape of the canal 
and reduce cost (Bürklein et al., 2012).  
 
Only a limited amount of the root canal walls are instrumented by the endodontic files (Peters 
et al., 2001a, Peters et al., 2001b). It is still difficult to achieve the three dimensional 
efficiency, although some preparation is done with wide taper and large size apical 
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preparation. Preparing the canals to a large size coronally and apically, means removing more 
root dentine which will adversely affect the strength of the roots prepared and make them 
more liable to vertical fracture (Lertchirakarn et al., 2003). Manufacturers and operators are 
now looking for files which can achieve the best shaping, cleaning ability and three-
dimensional efficiency and at the same time preserve dentine structure, reduce the impact on 
the tooth strength (Hülsmann et al., 2005a, Peters and Paque, 2010). 
 
With different instruments available in the current market, there are a lot of choices that can 
be adopted. There are limited evidence available to help chose which file system to use to 
produce the optimum root canal preparation. On the other hand, we don’t know whether the 
different file systems are going to perform in the same way in different hands with different 
level of experience, as some the technical outcome may be affected by the skill and experience 
of the operator undertaking the preparation, such as Dental Students, General Dentists and 
Endodontists. 
 
It is also not clear which file systems currently available that can be easy to use and handle, 
either by novice or experienced operators to produce sufficient shaping results in a reasonable 
time and with none or less procedural errors. Also it is unknown which of the current systems 
able to achieve the required three-dimensional shaping of root canal system without 
compromising the tooth structure. 
 
The main theme of the thesis will be about canal shaping and different aspects that can 
influence this stage of treatment in endodnontics. 
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2 Chapter 2: Literature review 
2.1 Structure: 
 
A brief overview of the main sections in the literature review highlighting the academic insight 
and evidence concerning shaping in endodontics: 
Introduction: Presenting the aims of root canal therapy & influential factors. 
Root canal anatomy: This section presents root canal anatomy and its influence on root canal 
treatment. 
Different techniques for root canal shaping: This section presents different techniques used 
in root canal shaping and how they developed. 
Endodontic instruments: This section presents different endodontic instruments, including 
hand instruments and nickel titanium instruments. 
Methods of assessing root canal instrumentation: This section presents several 
methodologies mentioned in the literature for assessment of root canal instrumentation. 
Effect of operator experience on root canal instrumentation: This section presents the 
effect of operator experience and skills on the outcome of root canal preparation. 
Conclusion. 
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2.2 Introduction: 
 
Root canal therapy is concerned with treating vital or necrotic dental pulps and its main 
objective is to decrease the number of microorganisms and debris in the root canal system to 
prevent or treat inflammation or infection, so patients can retain their teeth for function and 
aesthetics. Achieving successful treatment is dependent on multiple factors such as; accessing, 
identifying, negotiating and preparing the canals. However the most important phase in root 
canal treatment is canal preparation. It is an essential step because it influences the creation of 
creation sufficient space for delivering antibacterial irrigants and medications to achieve 
optimum cleaning of the root canal system.  
 
2.3 Root canal anatomy: 
 
The canal preparation is highly affected by variations of root canal anatomy (Nagy et al., 1997, 
Vertucci, 2005) and in order to overcome these variations, the clinician need to be familiar 
with root canal morphology and treat every tooth assuming the complex anatomy. Canal 
anatomy can be challenging and influenced by different factors such as physiologic aging, 
pathology and occlusion, and the production of secondary and tertiary dentine and cementum 
(Vertucci, 2005). Secondary dentine is formed throughout the tooth life as a normal process 
during aging, while the tertiary dentine is formed due to a stimulus from several reasons, such 
as trauma, caries. Both process of dentine deposition can affect the root canal space and change 
the location and standard anatomy of the root canal system (Giuliani et al., 2014, Goldberg et 
al., 2011, Prichard, 2012). This may make the root canal treatment procedure more 
challenging and difficult to carry out and might result in tooth destruction and iatrogenic 
damage during the procedure. In addition, abnormal canal orifice configuration makes it 
difficult to identify the canal location, irregular canal cross section and highly curved canals 
make it difficult to negotiate and shape, which might result in procedural errors.  
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Curvature of root canals have been a major factor when assessing the difficulty of root canal 
treatment; several methods has been introduced for assessing the curvature and deciding on 
the severity. Most of the methods introduced measure the angles between two imaginary lines 
drawn on the two-dimensional radiograph of the tooth and by measuring the angle between 
these two lines the degree of severity of the curvature can be decided (Schneider, 1971). From 
a clinical aspect, this way of assessment is considered just a guiding tool as it is only a two-
dimensional assessment and a lot of the root curvatures are seen in more than one dimension. 
Another method which was based on three dimensional assessment undertaken with CBCT 
suggested that the radius of the curvature is more important regarding the difficulty and that 
the shorter the radius is the more difficult the curve to negotiate and prepare mechanically 
(Balani et al., 2015, Günday et al., 2005). In addition there are different difficulty assessment 
tools used to define the category of difficulty of the root canal treatment, such as the American 
Association of Endodontists (AAE) , the Canadian Academy of Endodontists and Dutch 
Endodontic Treatment Index (DETI) and the Endodontic Treatment Classification (ETC) 
forms (Ree et al., 2003). Most of these tools assess the severity of the curvature based on the 
measurement of the imaginary angle. The more severe the curvature is, the more difficult is 
to carry out the root canal treatment with a high risk of procedural errors such as asymmetrical 
dentine removal during preparation; which might lead to ledge formation, canal transportation 
or perforation.  
 
Those procedural errors could make it difficult to reach the apical third of the canal and 
eliminate bacteria, as it will prevent the instruments or the irrigation to reach the apical portion 
of the root canal and achieve the required debridement and cleaning of the root canal space, 
which is a critical issue. There is a high probability that it will affect the success of endodontic 
treatment (Sjögren et al., 1990).Some spaces inside the canals are inaccessible mechanically 
as accessory canals and apical deltas, due to their small structure and the lack of uniformity of 
their locations inside the canal, that results in them being very difficult to be instrumented 
mechanically, due to the physical limitations of them (Ida and Gutmann, 1995, Siqueira et al., 
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1997). The cleaning of these areas is mainly dependent on chemical measures, such as 
antimicrobial irrigants and medications that are placed between the treatment visits. 
 
2.4 Root canal shaping & different techniques: 
 
Mechanical instrumentation and negotiation of the canals is considered as a practical 
challenge. The aim of mechanical preparation is to remove pulpal tissue, decrease the bacterial 
load inside the canal system and to create a sufficient space to allow predictable placement of 
a canal filling material and achievement of a three dimensional fluid tight seal obturation. 
Although the preparation of root canals has been described, since early 18th century (Lilley, 
1976, Waplington and McRobert, 2014), there was no gold standard preparation sequence of 
instrumentation proposed until 1961 (Ingle, 1961). Ingle suggested a standardised technique 
of preparation using a sequence of standardised files and introduced gutta-percha for sealing 
the resulting root canal space. The outcome of the suggested protocol proved to be successful 
(Ingle, 1961).  
 
Over time different techniques have been utilised for the canal preparation. The phases of 
canal space preparation consist mainly of negotiating the canals to full length and then 
enlarging the apical portion and shaping the rest of the canal to a larger size by successive 
files, increasing in size and used in shorter lengths (Clem, 1969), this is called step-back 
technique. This technique did show some drawbacks as; difficulty in canal negotiation and 
achieving the working length; specially if the original canal diameter is small, also it can cause 
canal blockage and increases the incidence for preparing the dentine away from the canal 
space and causes  ledging of the canal, which will end up either perforating the root or 
preventing the instrument reaching the full length of the canal (Weine et al., 1975). Also it 
leads to dentine debris being extruded through the apex causing post-operative pain and 
inflammation in the periapical tissues. In spite of the disadvantages of this technique, it proved 
 23  
 
to be  successful in preparing the fine curved canals (Mullaney, 1979) prior to the introduction 
of Nickel-Titanium instruments. 
 
To help avoid the disadvantages of the step-back technique, an alternative technique was 
introduced called step down or crown down, which is the complete reverse of the step-back 
approach. The step-down technique advocates preparation to start from the coronal aspect 
down to the apical aspect (Morgan and Montgomery, 1984). This technique had several 
advantages over the step-back technique as; enhancing the penetration of irrigants, avoiding 
canal blockage and extrusion of debris through the apex, facilitates the determination of 
working length and help in reducing procedural errors. This technique now is considered 
widely preferable as a preparation technique irrespective of what type of shaping instrument 
is used.  
 
2.5 Instrumentation technique: 
 
Utilising the crown down concept, instruments are used in different rotational and reciprocal 
movements inside the canals. For hand file systems there are different manipulations that can 
be applied. A Roane balance force technique (Roane et al., 1985), watch winding technique 
and rotation technique (Cohen and Hargreaves, 2006). The balanced-force is applied by the 
instruments introduced into the root canal, with a clockwise motion of maximum 180 degrees 
and apical advancement (placement phase), followed by a counter clockwise rotation of 
maximum 120 degrees with adequate apical pressure (cutting phase) , the final removal phase 
is then performed with a clockwise rotation and withdrawal of the file from the root canal 
(Hülsmann et al., 2005a).This technique minimises the procedural errors especially canal 
transportation and ledges (Roane et al., 1985).The watch winding movement is a reciprocating 
movement applied in the range of 30 degrees clock wise and 30 degrees counter clock wise 
and is used mainly to negotiate the canal and progress to the working length (Cohen and 
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Hargreaves, 2006).  The rotation movement is a quarter clock wise turn and pulling the file to 
cut dentine and prepare the canals (Cohen and Hargreaves, 2006). For engine driven file 
systems, continuous rotation or reciprocating movements are utilised, although it is still 
controversial which type of movement is better, or indeed more efficient. Different studies 
have been conducted to investigate the difference in efficiency between the two movements 
of the file systems and their efficacy on canal walls instrumentation, effect on debris extrusion 
through the apex and incidence of creating cracks in the roots treated (Giuliani et al., 2014, 
Nevares et al., 2015, Prichard, 2012). 
 
2.6 Endodontic instruments & file systems: 
 
There are a large number of instrument types and designs that has been introduced and 
developed through history and documented in the literature. In the 18th century only primitive 
hand instruments which were thin and fine instruments, some excavators and hand cauterizing 
instruments were available (Lilley, 1976). After that, the first endodontic hand instruments 
were developed by Edward Maynard (Hülsmann et al., 2005a). In the 19th Century it was 
recommended that barbed broaches, which are manufactured by cutting sharp, coronally 
angulated barbs into metal wire blanks should be used for canal shaping and enlargement. In 
1885, Gates Glidden burs were introduced for canal preparation, which work well for pre-
enlargement of coronal canal areas and achieves a straight light radicular access. K-files were 
introduced in 1915 and were standardised according to the ISO standardization and 
specification for endodontic instruments, which was published in 1974. Oltramare first 
reported the idea of a rotary device, where he used fine needles with rectangular cross sections, 
which could be mounted to a hand piece (Hülsmann et al., 2005a). The first endodontic hand 
piece was developed in the 1889 by Williams H. Rollins, where he used specially designed 
needles in a complete rotation movement. In subsequent years different types of rotary systems 
where developed by different companies, such as W&H®, Micro Mega® and Kerr®, 
implementing different motions and ideas. Other ideas were also introduced for canal 
 25  
 
preparation such as sonic and ultrasonic devices, laser devices and some non-instrumental 
techniques (Hülsmann et al., 2005a), however until now, file systems either rotary or 
reciprocating are the most used instruments and considered to be the gold standard in canal 
preparation (Hülsmann et al., 2005a). 
 
2.6.1 Hand instruments: 
 
The classic approach to canal preparation was by utilising the ISO standardized 0.02 taper 
stainless steel files used by hand, which generally refers to K-files and Hedstrom files. This 
means these files have a diameter increase of 0.02 mm per millimetre from the file tip till the 
length of 16 mm. K-files are manufactured by twisting square or triangular metal blanks and 
with a non-cutting tip, the cross section of this file have an influence on the flexibility of the 
file showing the triangular cross section file to be more flexible than the square cross section 
file(Camps and Pertol, 1994). Also the cross section of the K-files shows why it is used in 
clockwise and anticlockwise rotations (Hargreaves, 2010). The characteristic of these files 
causes them to be more rigid and inflexible when they increase in size, which makes them 
harder to manipulate and less efficient, especially in curved canals because of being more 
difficult to control the preparation efficiency of them and increase the risk of causing 
procedural errors as ledging, canal transportation and file separation (Elizabeth M, 2005). 
Hedstrom files are another type of hand stainless steel file manufactured by milling from round 
stainless steel blanks (Hülsmann et al., 2005a). Due to their cross section, they are better used 
in transitional strokes and filing motion and not recommended to be used in rotation movement 
because of the possibility of instrument fracture, due to being wedged in dentine and not be 
able to withdraw from inside the canal until unscrewed in reverse to release the dentin chips. 
These drawbacks have led the manufactures to develop more flexible instruments that can 
complete canal preparation more efficiently. Similar techniques were used to manufacture 
files of greater flexibility made of NiTi alloys, which have been very useful in preparing highly 
curved canals. 
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2.6.2 Nickel titanium instruments: 
 
2.6.2.1 Nickel titanium alloy: 
 
Nickel titanium alloy was developed by Buehler, a metallurgist who was investigating the 
development of a non-magnetic, salt resisting and water proof alloy for the space program at 
the Naval Ordnance laboratory in silver springs, Maryland, USA (Buehler et al., 1963). The 
chemical and physical properties of this alloy were found by Beuhler to be capable of 
producing something called a shape memory effect when controlled heat treatment was 
applied (Buehler et al., 1963). The alloy was called Nitinol in relation to the elements that it 
is composed of Ni for nickel, Ti for the titanium and NOL from the Naval Ordnance 
laboratory. The NiTi alloy was found to have super elasticity and shape memory properties. 
The alloy was shown to have high strength and a lower modulus of elasticity compared with 
the stainless steel alloy (Andreasen and Morrow, 1978). The advantages of the alloy 
encouraged the idea of using it for root canal instruments during the preparation of curved 
canals, utilising the low modulus of elasticity and lower risk of permanent deformation of the 
file compared to the other alloys (Schäfer, 1997, Thompson, 2000). 
 
Since the early 1990s, several instrument systems manufactured from nickel-titanium (NiTi) 
alloys have been introduced into the endodontic market and have dramatically influenced the 
preparation techniques and have gained wide popularity amongst clinicians. The nickel 
titanium alloys used in manufacturing the root canal treatment instruments contain 
approximately nickel 56 weight % and titanium 44 weight %. The NiTi alloy can be present 
in different crystallographic forms based on stress and temperature applied, as shown in Figure 
2. 
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Figure 2: Illustration of the transformation of the NiTi alloy 
 between different crystallographic forms (Thompson, 2000). 
  
The Thermodynamic properties of NiTi alloy allows the instruments to be manufactured with 
enhanced properties, such as higher flexibility and shape memory compared with stainless 
steel files. The two different phases of relevance in clinical dentistry and the reason for these 
properties are the austenite and martensite phases, shown in Figure 2 and 3.  
 
 
Figure 3: Illustration of super- elasticity of NiTi alloy (Thompson, 2000). 
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The Nickel titanium alloy is present in a stable body- centred cubic lattice, which is referred 
to as austenite phase, or parent phase shown in Figure 2, and that phase is usually seen at high 
temperature ranges 100 degrees Celsius.  The alloy tends to change its crystal structure and 
physical properties when it is cooled, over a transformation temperature range. The modulus 
of elasticity and the yield strength tend to be affected significantly by the change in 
temperature. The transformation is called martensitic phase or daughter phase and that what 
induces the controlled memory effect in NiTi alloys (Thompson, 2000). The martensitic phase 
is more ductile and liable to deformation compared to the austenite phase. The deformation 
can be reversed be heating the alloy back above a specific temperature, called (reverse 
transformation temperature range) and with that, the alloy reverts back to the austenite phase 
(Parent phase) with the crystal structure, previous shape and physical properties. This 
phenomenon is described as the shape memory effect shown in Figure 4.  
 
 
Figure 4: Illustration of the shape memory effect of NiTi alloy 
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The other form of transformation between the allow phases is a stress induced transformation 
to the martensitic phase. The transformation occurs as a result of application of stress to the 
alloy, such as the stress induced during preparation of root canals. In most metals, applying 
an external force can cause a plastic or a permanent deformation, while in NiTi alloys it 
induces a martensitic transformation. The stress/strain behaviour of NiTi alloys has a range of 
plastic deformation, which the alloy can undergo and will still be recoverable to the initial 
phase. This range of plastic deformation with NiTi is much higher compared to conventional 
metal, where the elastic deformation is recoverable in a small percentage however when a 
plastic deformation occurs it is unrecoverable (the deformation is permanent) as shown in the 
stress/ strain curve present in Figure 5. The nickel-titanium alloy allows deformation of up to 
8 % strain to be fully recovered compared to less than 1 % in other alloys, such as stainless 
steel in relevance to the endodontic instruments (Andreasen and Morrow, 1978, Thompson, 
2000). In addition, there is a phase in NiTi alloy called R-phase, which can be temperature 
induced and stress induced. It is considered a special type of the martensitic transformation, 
which is seen just after the elastic deformation of the austenite phase and that phase extends 
until the start of the stress induced martensitic phase as shown in Figure 5. The R-phase is 
martensitic in nature, but not the martensite responsible for the shape memory and super 
elasticity effect, however it still has some of these properties but in a very minimal effect and 
narrow temperature range. The R-phase to austenite transformation is reversible and happens 
at a low temperature range between 20 and 40 degrees C and with minimal stress (Zhou et al., 
2013). The R-phase has a lower modulus of elasticity compared to the austenite phase, but it 
exhibits higher fatigue/fracture resistance and with some heat treatment can have high 
flexibility and strength (Zhou et al., 2013). 
 
The relationship between the metallurgical properties and the mechanical properties of the 
NiTi endodontic instruments, should be understood by clinicians; as it has a significant impact 
on the performance of the NiTi instrument. Being aware of how these instruments behave will 
influence the protocol of using them and help in achieving the best efficiency with them. 
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Figure 5: Schematic drawing of tensile stress-strain curve 
of equiatomic NiTi alloy. It shows eight distinct stages: 
I, elastic deformation stage of austenite; II, stress 
plateau related to the transformation from austenite to 
R-phase; III, elastic deformation stage of R-phase 
induced by stress (stress-induced martensite, SIM); 
IV, stress plateau related to the transformation from 
R-phase to martensite caused by SIM; V, elastic 
deformation stage of martensite; VI, martensite 
reorientation (MR) stage; VII, uniform non-linear 
deformation stage of reoriented martensite; VIII, plastic 
deformation stage of reoriented martensite (Zhou et al., 2013) 
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2.6.2.2 Manufacturing of NiTi Instruments: 
 
Most of the NiTi instruments are manufactured by a grinding or milling process or plastic 
deformation under heat treatment, because they cannot be manufactured with twisting in the 
same way as the stainless steel files, due to the high flexibility of the alloy. In addition, they 
have surface treatment to improve their surface quality, due to the irregularities left by the 
milling process that can affect the cutting efficiency of the instruments (Rapisarda et al., 
2000). Examples of these surface treatments are electro polishing and coating with titanium 
nitride. The NiTi instruments are still liable to corrosion in some cases, which affects their 
physical properties. 
 
More developments have been seen with the NiTi alloys and the martensitic phase of the alloy. 
A new alloy was introduced in 2007 to the dental market by DENTSPLY called M-wire 
(DENTSPLY, 2007), the M-wire is an alloy formed by thermomechanical processing 
procedure to the NiTi alloy. The M-wire has got some martensitic phase in its microstructure 
which improves the mechanical properties (Alapati et al., 2009) .That allows the instruments 
to be manufactured from smaller core diameter adding to the flexibility of the instrument and 
still demonstrate strength and great resistance to cyclic fatigue. There are different brands of 
these file systems, such as ProFile GTSeries X, ProFileVortex, and ProFileVortex Blue 
(Dentsply Tulsa Dental Specialties, Tulsa, OK, USA), controlled memory (CM) files (e.g. 
HyFlex CM: Coltene Whaledent). Other developments were introducing the R-phase to the 
endodontic instrument market and manufacturing the instruments utilising this phase of the 
NiTi alloy, such as Twisted files (TF) and K3XF files (SybronEndo,Orange, CA). They have 
shown improved flexibility and cyclic fatigue resistance compared to the traditional NiTi 
endodontic instruments. Some modifications has been done to the NiTi alloys to be thermally 
(heat) treated, to produce files having different alloy microstructure and undergoes phase 
transformation with different temperatures such as, the Wave One gold (Dentsply Maillefer, 
Switzerland), Reciproc Blue ( VDW GmbH, Munich, Germany), and XP-endo Shaper (FKG 
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Dentaire SA, La Chaux-de-Fonds, Switzerland). The heat treated alloys combine the 
properties of both phases of NiTi alloy to try and utilise the benefits of each phase. Another 
major advantage of the NiTi files is the ability to make them with large taper and apply 
different and progressive tapers on the same file without affecting their flexibility and being 
less rigid in larger sizes compared to their stainless steel counterparts. Tapers can range from 
0.04 to 0.012, however the specific design specifications can vary such as; tip size, taper, 
cross-section, helix angles, pitch and either landed or non-landed files. However the 
undesirable and unexpected separation of the instruments caused by cyclic fatigue and/or 
torsional overload still remains of a serious concern and drawback during clinical use (Zhou 
et al., 2013). 
 
When considering all the properties of NiTi alloy, the three properties that are of main interest 
in endodontics, are super-elasticity, torsional fatigue resistance and high resistance to cyclic 
fatigue, which are fundamental requirements of endodontic instruments for successful use. 
These three properties allow the instruments to be used in continuous rotation movement in 
highly curved canals; respecting the canal anatomy and without the high risk of instrument 
separation. NiTi files have dramatically improved canal preparation and reduced the incidence 
of several procedural problems such as; file breakage, blocks, ledges and perforations 
(Hülsmann et al., 2005a). However, they still have some limitations: especially the rotary files, 
such as the inability to explore the canal system (scouting) and the fact that a glide path still 
needs to be created with a small size flexible hand file, although there are recent files 
introduced to the market, which claim to be capable of creating a glide path without the need 
of hand files, such as Proglider file made by (Dentsply millfeller, Switzerland) and the scout 
race and ISO 10 race files made by FKG. There are also some prerequisites such as, achieving 
adequate access cavity design, straight line access, and frequent irrigation during 
instrumentation to avoid the procedural errors especially with rotary NiTi files (Hülsmann et 
al., 2005b, Patel and Rhodes, 2007) .  
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2.6.2.3 Design of NiTi instruments: 
 
There are numerous endodontic instruments present in the dental market with different design 
features and properties. The NiTi endodontic instruments have undergone five different 
generations of development, with certain changes in the file design and alloy used for 
manufacturing (Haapasalo and Shen, 2013). The main components that change in the design 
between instruments are; cross section of the file, the tip of the instrument, the taper on the 
instrument, the flute design and the cutting edge and radial land of the instrument. The cross 
section of the file affects the diameter of the file, the strength and flexibility of the file, the 
way the file contacts the walls of the canals, how much it cuts and how much stress it induces 
on the canal walls during cutting dentine.  
 
The tip of the file is a working part, which performs the guiding action of the instrument. 
There are two types of the tip: an active tip, which has sharp configuration and cutting edges, 
or a passive tip with has a rounded configuration and non-cutting edges. The instruments with 
active tips are made for removal of dentine or obturation materials from the root canal. One 
of the main disadvantages of the NiTi instruments is that they lack tactile feedback; Because 
of this, the instrument with an active tip requires caution in use, as there is a high risk of 
ledging or perforating the root canal if the instrument gets deviated from the canal axis. The 
majority of the NiTi root canal instruments have passive tips, especially the recently designed 
ones (Peters, 2004). 
 
All the root canal instruments have a degree of taper along their working surface. Some of 
them have progressive taper and some of them have constant taper and some have variable 
taper. It all depends on the concept behind the file system design. Some are designed to prepare 
the canals in a certain sequence and in different places inside the canal, so they will have 
different percentage of taper along the file working surface and different between the files in 
the preparation sequence. It has been reported that files with progressive taper shape the canal 
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more quickly compared to the ones with constant taper (Bergmans et al., 2003). The other 
majorly important aspect of design is the instrument flute. The flute is a set of grooves forming 
the surface configuration of the instrument, which resulted from manufacturing process of the 
NiTi blank and affects the cutting ability of the instrument. The adjoining flutes form the 
cutting blade of the instrument. The flutes are characterised by different parameters, which 
are the helical angle, pitch and configuration of the fluting (Rake angle). The helical angle is 
the angle formed between the blade and the long axis of the instrument; the variability of the 
helical angles is an important factor to aid in moving the debris up out of the canal. A constant 
or similar helical angle makes the instrument more prone to debris accumulation, which will 
lead to a higher torque on the instrument and leads to potential separation (Haapasalo and 
Shen, 2013). The pitch of the flutes is the distance between the two points on the correspondent 
leading edge of the working surface of the file. The pitch has an effect on the screwing effect 
or the dragging and pulling of the instrument inside the canal. A constant pitch will cause 
more dragging and pulling inside the canal and the variability in the pitch will decrease the 
screwing effect dramatically (Haapasalo and Shen, 2013). Also with the smaller pitch the 
instrument will have more resistance and less cutting efficiency (Haapasalo and Shen, 2013). 
The surface configuration or the rake angle of the working surface of the instrument is the 
angle formed by the leading edge of the instrument and the surface to be cut. The rake angle 
can be positive, negative or neutral. If the angle formed between the edge and the surface to 
be cut is acute then the rake angles is said to be negative. If the angle formed is obtuse then 
the rake angle is called positive angle. The cutting efficiency of the instrument is also 
dependent on the rake angle of the cutting edges. The dentine needs a sharp instrument because 
of its resiliency, in another words an instrument with positive rake angle. However most of 
the endodontic instruments are of a negative rake angle or neutral angle, which results in 
scraping action rather than cutting action and requires more energy to achieve the required 
cutting (Haapasalo and Shen, 2013). The ideal instrument will have a slightly positive rake 
angle, and not an overly positive one, to avoid threading. Another design aspect that affects 
the cutting efficiency of the instrument is the radial land. The radial land is the flat area that 
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falls directly behind the cutting edge of the instrument. The radial land touches the canal walls 
at the periphery of the file and limits the depth of the cutting and reduces the tendency of the 
file to screw into the canal and reduce the progression of micro cracks and transportation of 
the canal. The less wide the radial land is; or the lack of it allows the instrument to be sharper 
and more efficient and also the design of the instrument will have a reduced volume of metal 
and this allows it to be more flexible. The radial land also increases the resistance of the file 
during rotation, resulting in increased torque and that my increase the risk of instrument 
fracture (Koch, 2002).  
 
2.6.2.4 Mode of Failure of NiTi instruments: 
 
There is still a major concern with the NiTi instruments and their tendency to fracture. Due to 
the high flexibility and the shape memory effect, the signs of the instrument deterioration is 
not easily recognised in the NiTi instruments without magnification, compared to the stainless 
steel instruments which can often be seen to be undergoing deformation. The NiTi instruments 
have two main modes of failure or fracture, the torsional failure and the flexural fatigue failure 
(McGuigan et al., 2013). Torsional failure occurs when the instrument, generally the tip as it 
is the weakest point, becomes locked in the canal while the shank of the file is still rotating. 
Once the elastic limit of the instrument is exceeded the instrument fractures instantly. Most of 
these instruments show signs of plastic deformation such as, twisting or unwinding 
(McGuigan et al., 2013). The other mode of failure is the flexural fatigue, which can happen 
when the instrument rotates continuously in a curved canal undergoing tension and 
compression cycles. When the point of maximum flexure of the instrument is reached that 
eventually results in fracture. Flexural fatigue usually occurs due to the overuse of the alloy 
and also due to other factors that contribute to the metal fatigue, such as corrosion and thermal 
changes as expansion and contraction (Andreasen and Morrow, 1978). Some countries, 
including the UK have rules and regulations for using the endodontic files as a single use 
instrument, in concerns about decontamination in relation to prion based disease, but that 
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results as well in avoiding the overuse of the instrument and failures resulting from this 
(McGuigan et al., 2013). However, the literature is still controversial about which mode of 
failure is dominant and some instrument failures are due to a number of modes of failure and 
some are due to other factors, such as the operator experience and the protocol or technique 
for using the instrument (McGuigan et al., 2013). 
 
2.6.2.5 Developments in NiTi instruments: 
 
As many rotary systems required several files to complete the canal preparation and with the 
concerns over file breakage, sterilisation and cost efficiency, this influenced the thoughts of 
manufactures to try to reduce the number of instruments necessary to achieve ideal 
preparation. Some manufacture’s succeeded in decreasing the number of files and some went 
to a single instrument concept. Lately the use of NiTi files in reciprocating motion in addition 
to the single instrument concept was introduced. This allowed the canal preparation to be 
completed using a single file. This concept was first reported by Yared (Yared, 2008), then in 
2011 Wave-one and Reciproc files where introduced by Dentsply and VDW based on what 
Yared observed. Both systems are manufactured from the modified NiTi alloy the M-wire. A 
new addition to the reciprocation motion was also introduced called multiple reciprocation 
motion. The reciprocating movements occurs in an anti-clock wise motion  suggested to be 
130 degrees followed by releasing clock-wise motion in 50 degree ,which means the 
instrument need 3 rotations to complete 360 degree rotation thus the elastic limit of the 
instrument is not exceeded (Prichard, 2012). Advantages of these systems are reducing the 
potential of instrument breakage, reduce the risk of cross contamination and they are cost 
efficient as well. The Reciproc file is even recommended to be used without the need to create 
a glide path before its introduction into the canal (De-Deus et al., 2013), but this is preferred 
in straight and reasonable sized canals . 
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 Other very recent development to the NiTi file systems is the introduction of the controlled 
memory files and the thermally treated alloys. The Hyflex CM file was the first, introduced 
by Coltène Whaledent for controlled memory alloys. The Wave one and ProTaper Gold 
produced by Dentsply and the Reciproc blue produced by VDW are the first in the thermally 
treated alloys file systems. All these recent files can be pre- bent or pre curved and they have 
higher flexibility and increased fracture resistance (De-Deus et al., 2017, Plotino et al., 2017). 
 
Although all these recent developments have been implemented, mechanical preparation is 
still not achieving the optimum results and some of the surface area of the canals is not touched 
or instrumented by the files. The literature quotes 35 – 55 % of root canal systems not 
instrumented with the incidence being higher in oval and c-shaped canals (Peters et al., 
2001b). Thoughts now are going towards developing new files called anatomic shapers and 
finisher files which are designed to overcome this issue and instrument the surface area of the 
canals more efficiently achieving the three-dimensional instrumentation. It is postulated that 
they help in reaching inaccessible areas and removal of the debris, an example of these files 
is the XP-endo Shaper (XPS) (FKG Dentaire SA, La Chaux-de-Fonds, Switzerland), which 
is introduced recently and mainly used as a single file for shaping the canals and try to achieve 
a better three dimensional efficacy. The XP-endo shaper is made of thermally treated alloy 
called MaxWire® and the concept behind it is being very flexible to expand beyond its core 
to prepare and adapt to the root canal space anatomy.  The XP-endo Finisher (XPF), which is 
used as a finishing file after completing the preparation to help in debris removal and biofilm 
disruption. It is based on the same concept of expansion beyond the file core, but in different 
pattern compared to the XPS.  There are very few studies present in the literature regarding 
both files. The XP-endo Finisher was shown to help in removal of calcium hydroxide dressing 
from inside the canals with similar effect to ultrasonic irrigation, and also showed to have a 
positive effect on the debris and smear layer removal from the canals (Elnaghy et al., 2017, 
Wigler et al., 2017). Only one study mentioned the effect of XPF as an irrigant agitator on the 
biofilm in the apical portion of the root canal. The XPF shown to help in removal of the biofilm 
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in hard to reach areas in the root canal system compared with the ultrasonic (Bao et al., 2017). 
Regarding the XP-endo shaper, the number of studies is even lower than the XPF. One study 
showed the effect of the file on causing on dentinal micro-cracks during preparation and the 
XPS showed that it does not induce any dentinal cracks (Bayram et al., 2017). The other 2 
studies one of them investigated the torsional resistance of the file and showed that it have a 
low torsional resistance compared to other file systems such as, TRUShape (TRS; size 30, .06 
taper, Dentsply Tulsa Dental Specialties, Tulsa, OK, USA), ProFile Vortex (PV; size 30, .04 
taper, Dentsply Tulsa Dental Specialties) and FlexMaster (FM; size 30, .04 taper, VDW 
GmbH, Munich, Germany) (Elnaghy and Elsaka, 2017). The second one is the most recent 
one investigated the shaping abilities of the XPS in oval shaped canals compared with Vortex 
blue (Dentsply Tulsa Dental Specialties, Tulsa, OK) utilising micro-computed tomographic 
imaging for analysis and the XPS showed that it can prepare better and touch more canal walls 
compared to the Vortex blue in oval shaped canals (Azim et al., 2017).  
 
Considering the limited number of the studies present and the majority being in vitro and in 
simulated models, more studies and investigation regarding these two files is going to reveal 
more information and facts about the efficacy and abilities of these files. 
  
 39  
 
2.7 Different Methods of assessing Instrumentation: 
 
The literature is full of studies on different aspects of instruments performance and efficiency 
in terms of; cleaning ability of the instruments, shaping ability of the instruments and 
properties of the instruments. Several methodologies have been described to analyse and 
evaluate the performance of the root canal instruments (Barthel et al., 1999, Dummer et al., 
1991, Habib et al., 2015).When analysing the quality of root canal preparation created by the 
instruments and different techniques, different parameters should be considered such as the 
cleaning ability and shaping ability of these instruments. Studies done are mainly in vitro, 
either on human extracted teeth or simulated canals in form of resin blocks or anatomic plastic 
teeth (Habib et al., 2015). The majority of these studies (90 %) or more used extracted teeth, 
while the rest of studies used simulated root canals in resin blocks (Habib et al., 2015). The 
major advantage of using extracted human teeth is they resemble the closest scenario to the 
clinical situation; however it is difficult to collect, disinfect and standardise them in terms of 
canal length and width, curvatures, dentine hardness and calcification (Hülsmann et al., 
2005a). On the other hand, simulated canals in resin blocks allow standardisation of length 
and width, curvature and surface hardness. The standardisation made assessment easier to 
apply and guarantees high degree of reproducibility of the experimental design, which makes 
the results of such studies valid and transferable to human teeth (Lim and Webber, 1985b). 
Nevertheless, there are still some concerns about the resin simulated canals regarding the 
difference in hardness between the dentine and resin. Micro-hardness of dentine was found to 
be more than the resin and for removal of natural dentine, nearly double the force is applied 
that is needed for the resin (Lim and Webber, 1985b). Also the size of the resin chips compared 
to the natural dentine chips may not be the same, which results in more blockage liability and 
difficulty to remove debris in resin canals (Lim and Webber, 1985b). 
 
Methods used to evaluate the efficiency of root canal instrumentation related to the cleaning 
ability are different from the ones used to evaluate the shaping ability. Concerning the cleaning 
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ability, the evaluation is based on the volume of debris and the un-instrumented root canal 
walls. The assessment was carried out in many studies either by histological sections of the 
human root canals (De-Deus and Garcia-Filho, 2009, Walton, 1976) or scanning electron 
microscope (SEM) (Prati et al., 2004). In addition the high-resolution Micro-computed 
tomography (Micro CT) was used to evaluate the instrumented surfaces of the canal walls 
(Peters et al., 2001a, Peters et al., 2001b). The histological sections include obtainment of 
serial cross sections and assessment of the remaining tissues using morphometric analysis. 
The SEM examination, evaluates different parameters such as smear layer, debris and surface 
profile. Some of these methodologies have negative aspects, such as for the histological 
analysis it is considered a destructive method and difficult to standardise and apply. The SEM 
evaluation provides us with a lot of details and information about the surface topography and 
composition, but is still expensive equipment which is difficult to obtain and use. The Micro-
CT is considered a non-invasive technique, because it depends mainly on imaging of the 
extracted teeth or the simulated canals in blocks or anatomic plastic teeth without the need of 
obtaining histological samples or sectioning the teeth. However it is relatively slow and needs 
experience to handle and use.  
 
The Micro computed tomography studies have shown that even with the most developed 
instruments, there are still some areas of root canal systems that cannot be reached, 
instrumented or cleaned mechanically, taking into consideration the variability of the root 
canal space anatomy (Peters et al., 2001a, Peters et al., 2001b). 
 
Other methodologies have been mentioned to assess the shaping ability and changes that 
happens inside the canals after preparation. These include silicon impressions (Barthel et al., 
1999), super imposing of radiographs before and after shaping and comparative analysis done 
utilising computer aids (Mikrogeorgis et al., 2006).  
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In Addition the Muffle system which was developed by Bramante et al. to evaluate changes 
in canal diameter (Bramante et al., 1987). Another method of evaluation for the simulated 
resin canals is also to view them under high magnification to check for procedural errors or to 
take pictures for the blocks before and after preparation and do a visual comparative analysis. 
For extracted teeth, clearing is also one of the methods to evaluate changes inside the canals 
before and after instrumentation with the aid of magnification (Robertson and Leeb, 1982). 
The most developed technique for evaluation of canal changes and for acquiring geometrical 
changes is three dimensional imaging by computed tomography, which can be done either by 
Micro-CT (µCT) or Cone beam CT (CBCT). Nielsen et al. found that Micro-CT is capable of 
producing the internal and external morphology or root canal anatomy without being 
destructive and can also demonstrate the changes before and after preparation and used in 
comparative analysis (Nielsen et al., 1995). 
 
Lately most of the investigators have been more interested and concerned with micro-
computed tomography (Micro-CT, CBCT) and that is mainly because normal 2-D radiographs 
cannot reflect all the changes in the anatomical features and geometrical dimensions. 
However, most of studies are applied in vitro, because CBCT scans are of higher radiation 
dose compared to normal radiographs; which can affect the patients negatively and the µCT 
is a lab based device not designed for human use. Also both machines are still expensive and 
complex devices to use (Okano et al., 2009). 
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2.8 Effect of operator experience on root canal instrumentation: 
 
There is a whole different side to the story of instrumentation and preparation efficiency, 
which is the experience and skills of the operator using the instruments and will it affect the 
outcome of root canal preparation. The outcome of root canal preparation and the efficiency 
of instrumentation are dependent on multiple factors, however operator experience is 
considered one of the major factors (Baumann and Roth, 1999). 
 
Different studies in the literature showed the influence of different levels of experience on the 
outcome of root canal preparation, Such as preparation efficiency, preparation time and 
influence on instrument breakage (Baumann and Roth, 1999, Mandel et al., 1999, Mesgouez 
et al., 2003). Most of these studies are undertaken on resin simulated canals. Resin simulated 
canals are not the best way to resemble the clinical situation, however it allows us to 
standardise different variables such as canal length, width, cross section and degree of 
curvature. Standardisation will allow the results to be more accurately linked to the operator 
experience, rather than affected by other different variables. Studies described that, operators 
with high level of experience produce better outcomes in terms of preparation efficiency, 
preparation time and they tend not to get a lot of instrument breakage (Mandel et al., 1999, 
Mesgouez et al., 2003).  It is not just related to operators with high level of experience as 
endodontists, the outcomes are even different when comparing undergraduate students with 
very minimal or no experience in root canal preparation to general dentists with little 
experience. However in some studies operators with little experience showed better technical 
outcomes of root canal preparation (Baumann and Roth, 1999).  
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2.9 Conclusion: 
 
In conclusion, it is recommended to use recent technologies as computed tomography in 
investigations and studies done, considering the advantages it provides over the other 
techniques (Habib et al., 2015). This gives the chance to be able to analyse the performance 
of the instruments introduced more accurately and to help in developing a new instrument 
capable of achieving better cleaning and shaping ability in root canal system. 
 
A main concern at the present is to find a Nickel-titanium rotary file system, which can be 
used safely and efficiently by operators of little or no experience and produce satisfactory 
outcomes in terms of less procedural errors, efficient time of preparation. Also to investigate 
the possibility of developing a new file system capable of instrumenting the root canal space 
in three dimensions and with high efficacy and interrogate the abilities of the recently 
introduced systems in the market. The other concern is to investigate the capabilities of the 
recently introduced file systems to the market and to verify if they can achieve better 
instrumentation in a three dimensional manner and with higher efficacy. In addition to these 
is to explore the possibility of developing novel file systems capable of achieving the optimum 
instrumentation efficacy. 
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3 Chapter 3: An investigation of technical outcome & 
procedural errors produced by novice operators with 
ProTaper Universal and ProTaper Next nickel titanium 
instruments in simulated root canals. 
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3.1 Introduction: 
 
The shaping of a root canal system can be the most challenging and complex phase of root 
canal treatment, due to the complexity and variation of root canal anatomy (Vertucci, 2005). 
Root canal treatment success or failure (the outcome of endodontic treatment) has been 
directly linked to sufficient mechanical and chemical debridement of the root canal system. 
Iatrogenic alterations to the original canal shape, which we define as procedural errors, will 
affect the debridement process and will affect the treatment outcome, especially in infected 
root canals (Lin et al., 2005). Although the presence of a procedural error still affects the 
debridement process in a non-infected root canal, it does not have as much influence on the 
treatment success, due to the absence of bacteria and bacterial toxins (bacterial biofilm) inside 
the root canal system (Lin et al., 2005). Shaping of root canals was historically undertaken 
using stainless steel hand files. Now, technology has helped in providing more flexible and 
motor driven NiTi files. These files help decrease the risk of procedural errors occurring 
during root canal shaping, however, the operator still needs a reasonable amount of experience 
to achieve the best outcome. Inexperienced operators as undergraduate students may produce 
many procedural errors when shaping root canals using NiTi files; this could discourage some 
of them from performing root canal treatment and/or reduce their confidence (Eleftheriadis 
and Lambrianidis, 2005, Khabbaz et al., 2010). This confirms the need for extensive hands-
on pre-clinical training before treatment is carried out on patients for the first time.  
 
Although there is no standardised protocol for the pre-clinical teaching , it is common practice 
to use a combination of plastic root canal models whether they are simulated teeth or resin 
blocks and extracted human teeth for these exercises (Dummer, 1991).Simulated canals in 
resin blocks or plastic teeth are more preferred, because they are standardised, easy to find and 
reduce the inconvenience (technical demands and time) of disinfecting extracted human teeth. 
Also acquiring human extracted teeth can be a potential problem, due to the numbers required 
and because of the restrictions of the Human Tissue Act and the need for patients consent to 
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approve the use of them for teaching or research purposes. Training undergraduate dental 
students in the use of the most up to date and innovative file systems used in endodontic 
preparation, that are safe and easy to use, is a desirable aim. This will reflect on their clinical 
skills and confidence in managing patients that need root canal treatment in the future and 
should result in better quality root canal treatment outcomes. Considering the recent updates 
in endodontic rotary file systems, a relatively new system has been introduced “ProTaper 
Next” (DENTSPLY) shown on Figure 6. 
 
 
Figure 6: ProTaper Next NiTi rotary file. 
 
 ProTaper Next (PTN) is a fifth generation NiTi instrument and been described to produce 
better technical outcomes (DHINGRA et al., 2014, Gagliardi et al., 2015), in addition to 
saving time and costs because of the need for fewer files during the preparation sequence. One 
of the major developments made to the ProTaper Next files over the ProTaper Universal 
(PTU) in terms of design and properties, is that the file is manufactured from a specific phase 
of Nickel-titanium alloy called the M-wire. M-wire increases the flexibility of the file and 
improves the resistance to cyclic fatigue. That results in  decrease in the potential for separated 
instruments, which indicates a greater margin of safety compared with  ProTaper Universal 
(Pérez-Higueras et al., 2014).The manufacturer has applied an off centred cross section and 
the progressive taper concept on the file ,which decreases the screwing effect of the file, 
 47  
 
prevents over instrumentation , creates more space for debris to escape and decreases the risk 
of instrument getting high resistance inside the canal and separating due to torsional fatigue. 
It has been shown that the ProTaper Next produces fewer cracks in dentine than ProTaper 
Universal and extrudes less debris during canal preparation (Capar et al., 2014a, Capar et al., 
2014b). The Pro-Taper Next file system produce a unique asymmetrical rotary motion at any 
given cross-section (swaggering effect) (Ruddle et al., 2013). It offers more space for 
enhanced cutting, loading and removing debris, which means a smaller size file cuts more 
efficiently compared to a large stiffer file as shown in Figure 7. 
 
 
Figure 7:Cross-section of PTU & PTN showing how they contact the canal walls and space present 
around them for debris removal. 
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The area of investigating preparations done or the outcome achieved with these new rotary 
NiTi files in hand of novices has not yet been well established in the literature, therefore the 
aim of this study was to compare the outcome of ProTaper Next against ProTaper Universal 
in the hands of novice operators, in relation to the frequency of procedural errors and the time 
taken for preparation. 
 
3.2 Null hypothesis: 
 
There is no difference in the incidence of procedural errors during simulated root canal 
preparations and the time taken during the preparation using ProTaper Universal and ProTaper 
Next. 
 
3.3 Methodology: 
 
 
This study is an in vitro crossover randomised controlled double blinded trial, completed by 
66 fourth -year dental undergraduates at the University of Liverpool Dental School. All the 
students were “blinded” to avoid the bias in their performance and preference. The 
undergraduates have already completed a preclinical course in basic endodontics during their 
third year. Their previous training encompassed training with hand preparation techniques 
only; using stainless steel K-files and Pro-taper Universal Hand instruments. 
 
The students were split into two groups, group A of 36 students and group B of 30 students in 
order to optimise space and staff student ratios within the phantom head facility at Liverpool. 
The students were assigned randomly to the two different groups using their seat numbers; 
both groups had the same teaching on their individual sessions.  
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All students were taught the use of both Pro-taper Universal Rotary files (Dentsply Maillefer, 
Ballaigues, Switzerland) and Pro-taper Next rotary files (Dentsply Maillefer,Switzerland) 
according to manufacturers’ instructions. This was followed by a live demonstration of each 
system before the undergraduates’ commenced preparation on simulated root canal 
standardised blocks 16 mm in length (Dentsply Maillefer, Ballaigues, Switzerland). 
I. Pro-taper Universal Rotary using S1, S2, F1 and finishing with F2 file with 0.25mm tip and 
8% taper. 
II. Pro-taper Next Rotary using X1 and finishing with X2 file with 0.25mm tip and 6% taper 
 
The students used X-Smart motors (DENTSPLY) using pre-programmed settings for each file 
system according to the manufacturer’s instructions.  
Each student completed preparation of two simulated resin blocks using the two file systems 
in a crossover design shown in Figure 8. 
 
Figure 8 : Showing Study design, number of participants & 
Preparation sequence in each group 
  
Students  
(66) 
Group B 
(30) 
Group A 
(36) 
PTU 
 +  
PTN 
 
PTN 
 +  
PTU 
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The data was collected via a standardised form. During preparation, the students were asked 
to fill out a data sheet (Fig.9), in order to record their seat number, previous clinical 
experience, any procedural errors recognised by them visually, the preparation time, 
preference of filing systems and also any comments including the file which had created the 
error or separated in the canal.  
 
Figure 9: Data Collection form 
 
In order to allow outcome assessment, all the prepared blocks were labelled with a coloured 
dot system which was linked to a spreadsheet which contains the preparation technique for 
each block. That allowed blind assessment by the observers. Images of the blocks were 
captured under magnification of 3X using a digital camera attached to a microscope. For 
standardisation, all blocks were mounted onto a pre-marked graph paper to ensure the exact 
position of each block and reduce the effects of shadowing on the appearance of the root 
canals. The graph paper was attached to the top of X-ray viewer box, which was used as a 
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source of trans-illumination below the block to increase the lighting and help in making the 
simulated canals more visible. 
 
 
Figure 10: Laboratory configuration of equipment used to capture digital images 
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All images captured included the entire canal and the colour dot system of labelling. These 
pictures were downloaded onto separate USB data sticks for analysis separately by two 
observers. Digital images were assessed for ledges, apical zipping, separated instruments, 
canal transportation and damage to apical foramen as described by the criteria used below 
(Hülsmann et al., 2005a): 
 
 Ledge: Ledging of the root canal may occur as a result of preparation with inflexible 
instruments with a sharp, inflexible cutting tip particularly when used in a rotational 
motion. The ledge will be found on the outer side of the curvature as a platform, which 
may be difficult to bypass as it frequently is associated with blockage of the apical 
part of the root canal. The occurrence of ledges is related to the degree of curvature 
and design of instruments. 
 Apical Zip: when the apical foramen became an elliptical shape and was transported 
away from the curve of the canal, also resulting in elbow formation coronally to this, 
where a clear narrowing of the canal can be seen (Gutmann and Lovdahl, 2011). 
 Separated Instrument: is noted when a fractured rotary instrument was visible within 
the canal. Dependent on which stage this occurs, the file would either need to be 
removed if it prevents adequate cleaning of the canal or the canal, will be sealed over 
the fractured file, if it had already been adequately cleaned. 
 Canal Transportation: is noted when the portion of the canal apical to the curvature is 
more prepared on the outer curvature (Cohen and Hargreaves, 2006). This also tends 
to occur when inflexible shaping instruments are used incorrectly. 
 Damage to the apical foramen: Displacement and enlargement of the apical foramen 
may occur as a result of incorrect determination of working length, straightening of 
curved root canals, over-extension and over-preparation. 
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Using the above descriptions, preparation was considered successful, if none of the above 
procedural errors was noted, and preparation was considered failure, if one or more of the 
above procedural errors were detected. 
 
The digital images of the blocks were analysed by 2 observers separately. The 2 observers 
disagreed on 17 images out of 132 (12.9 %).The 17 images were analysed by a third observer 
as a moderator, to decide on presence or absence and the type of errors. 
 
3.3.1 Statistical analysis: 
 
The raw data was collected and entered in Microsoft excel 2010 and then transferred to SPSS 
statistics 22 for statistical analysis. A generalised mixed model applied to the data to check 
for influence and significance of different fixed variables on the presence or absence of 
procedural errors .A univariate analysis test was applied to the data to check if the difference 
in time of preparation between the two file systems is significant. 
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3.4 Results: 
 
Figures 11 and 12 showed examples of images taken for the resin blocks with different 
procedural errors. 
 
 
 
 
 
 
The total number of resin blocks, which were available for analysis was 132. Four blocks were 
excluded, 2 due to unprepared blocks with any file system and 2 blocks had no label to identify 
the file system. 
  
Figure 11: Ledge 
Figure 12: File separation 
 
 55  
 
Frequency of success and Failure by File system 
File System  Success Failure Total 
Rotary 
ProTaper 
Universal 
 24 40 64 
Percentage  37.5 % 62.5 %  
Rotary 
ProTaper 
Next 
 57 7 64 
Percentage  89 % 11 %  
Total  81 47 128 
 
Table 1: Frequency of success and failure preparations in PTN & PTU file systems. 
 
 
 
 
Table 1 and Figure 12, shows the frequency of success and failure with preparations done with 
different file systems after assessment of all blocks. It is clear that ProTaper Universal file 
system had the highest failure rate which was 62.5 % compared with ProTaper Next which 
exhibited only 11 %. In total 47 simulated canals out of 128 had procedural errors ,40 of them 
were in canals prepared with PTU and only 7 in canals prepared with PTN. 
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Figure 12: Successes and failure of ProTaper Universal and ProTaper Next preparations by  
UG students on resin blocks. 
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Generalized mixed model 
To test significance of different variables on 
procedural errors 
Variables F df1 df2 
Significance 
Value 
File system 93.748 1 122 0.001 
Order of Using 
file systems 
2.328 1 122 0.130 
Number of 
canals 
prepared 
before 
0.380 1 122 0.539 
 
The data were analysed using a mixed statistical model with type of file system, order of file 
system used and users’ experience were set as fixed variable. The users’ experience was 
determined by the number of canals prepared by hand instruments before taking part in the 
study. The model showed that only the file system had a statistically significant effect 
(p<0.001) that is associated with higher incidence of procedural errors.  
 
Incidence of Procedural Errors by File system  
Error 
Type 
 
Rotary       
ProTaper 
Universal 
Percentage 
Rotary 
ProTaper 
Next 
Percentage 
Ledge  17 33.3 % 0 0 % 
Apical Zip  3 5.8 % 0 0 % 
Separation  0 0 % 1 14.2 % 
T’portation  24 47 % 5 71.4 % 
Over 
Preparation 
 7 13.7 % 1 14.2 % 
 Total 51  7  
 
Table 2: Different significance values of multiple variables 
Table 3: Number and type of errors with PTN & PTU. 
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Table 3 and Figure 13 showed the incidence of procedural errors created by both file systems. 
ProTaper Universal file system showed a wide variation of error types with the highest being 
the transportation procedural error (47%) and the lowest being apical zipping procedural error 
(5.8%). There was only 1 file separation recorded with PTN file system. 
 
The ProTaper Next file system showed a clear difference in error types recorded. 
Transportation was the highest type of procedural error (71.4 %) compared with separation 
and over-preparation procedural errors, where both scored (14.2 %). ProTaper Next showed 
no ledges and Apical zipping errors. Both file systems showed high tendency to cause canal 
transportation compared to other types of errors. 
  
0 5 10 15 20 25
Ledge
Apical Zip
Separation
T'portation
Over preparation
Ledge Apical Zip Separation
T'portatio
n
Over
preparatio
n
ProTaper Next 0 0 1 5 1
ProTaper Universal 17 3 0 24 7
No. of procedural errors with PTN & PTU
Figure 13: Graph showing the number of errors with PTN & PTU. 
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Time Taken for preparation with each file system  
Time taken for block 
Preparation 
(Min ,Sec) 
 
Rotary 
ProTaper 
Universal 
PTU 
Rotary 
ProTaper 
Next 
PTN 
Mean preparation time 
 
13:32 9:22 
Standard deviation  4:53 3:53 
 
Table 4 showed the mean preparation time taken to prepare simulated root canals. The mean 
time taken for preparation using PTU was 13.3 minutes, while the mean time taken for 
preparation using PTN was 9.2 minutes.  
 
Univariate ANOVA: time of preparation 
Factors df F 
Significance 
Value 
File system 1 51.332 0.001 
Order 1 1.633 0.207 
Student 63 2.878 0.001 
 
 
Table 5 showed the effect of different factors such as file system, order in which file system 
was utilised by the students and the students’ skills and experience. The analysis showed that 
the file system variable had a statistically significant value of (p<0.001) which indicates that 
the type of file system affects the time preparation.  
  
Table 4:  Preparation time taken with PTN & PTU. 
 
Table 5: Univariate analysis of variance (ANOVA) to test for influence of different 
factors on the preparation time. 
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3.5 Discussion: 
 
The aim of this study was to evaluate the influence of NiTi file systems on the canal shaping 
outcome and the incidence of procedural errors, in hands of novice operators (UG). Different 
studies have looked at technical differences between both NiTi File systems, such as ability 
to instrument the canals and the difference in mechanical and physical properties of both files 
(cyclic fatigue resistance) (Capar et al., 2014b, Elnaghy, 2014, Pérez-Higueras et al., 2014), 
but unfortunately no one has  yet investigated operator experience and its influence on the 
instrumentation outcomes of these particular file systems. 
 
The findings showed a remarkable difference in the incidence of procedural errors with 
ProTaper universal File system compared to ProTaper Next file system, it also showed a 
significant difference comparing the time needed for canal instrumentation, with ProTaper 
Next being more time efficient. Based on these findings the null hypothesis stating that there 
is no difference between the two nickel titanium file systems is rejected. 
 
Both file systems showed the tendency to cause canal transportation, with ProTaper Universal 
system having higher incidence. ProTaper Universal also showed high tendency to cause 
ledges. The tendency of canal transportation is a common error to observe with most of the 
rotary NiTi files, especially the  large sized, rigid instruments in curved canals (Capar et al., 
2014c). The shape memory effect pushes the file to try and straighten itself inside the canal 
when it goes around curvatures. ProTaper Next is made from a different phase of the nickel 
titanium alloy (M-wire) and has different design, which makes it more flexible and is able to 
negotiate canal curves more easily. In addition both files are manufactured in different phases 
of NiTi alloy, which are the austenitic phase for the ProTaper Universal and the martensitic 
phase for the ProTaper Universal. Specific design features explain the difference in the 
frequency of canal transportation errors between the ProTaper Universal and ProTaper Next. 
Our findings also agree with the established findings in the literature stating that ProTaper 
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Next causes less canal transportation and tends to prepare canals better around the curves in 
both extracted teeth and simulated canals (Gagliardi et al., 2015, Wu et al., 2015). 
The study design (randomised crossover design), was chosen to try and minimise the amount 
of variation between the students and make sure that all the students participating have an 
equal chance to use both files with the same ability and within the same environment, however 
the order in which the file systems were used might still have an influence on the preparation 
outcome simulated canals. Therefore the order was taken into consideration as a co-factor 
during the analysis of the data. Two different assessors carried out the assessment and both of 
them were blinded to the type of file used to avoid any bias in the process. However there is a 
risk of bias during the assessment procedure, due to variability between different observers. 
That can be tested and rectified by applying inter and intra observer variability tests, if the 
same study design is conducted in the future. 
 
Clearly the use of simulated canals in resin blocks does not imitate the exact scenario in root 
canals of real teeth, due to difference in surface hardness between the resin and the dentine 
(Lim and Webber, 1985b).This may account for the higher incidence of procedural errors we 
see with both file systems compared with studies in dentine/extracted teeth.. Some studies 
showed different efficiency and cutting ability of nickel titanium instrument in plastic 
compared to extracted teeth and it is postulated that instruments tend to attach more to plastic 
compared to dentine, which might lead to higher failure incidence than is seen with extracted 
teeth (Bryant et al., 1998, Kazemi et al., 1996). However based on other studies in the 
literature it was found that the simulated canal in resin blocks are valid experimental models 
and there is no significant difference between them and the extracted teeth during 
instrumentation, also in comparing plastic teeth to extracted teeth studies showed no influence 
on the technical outcome of the root canal treatment (LaTurno et al., 1984, Lim and Webber, 
1985a, Qualtrough and Dummer, 1997, Qualtrough et al., 1999, Tchorz et al., 2014) .This 
would suggest that the results showing the difference between the two file systems won’t 
change remarkably if the study was applied on extracted human teeth.  
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Considering educational and preclinical training in endodontics the use of simulated canals in 
resin blocks was shown to be utilised in multiple dental schools in different areas of the world, 
such as UK, Europe and the United States (Dummer, 1991, Qualtrough and Dummer, 1997, 
Qualtrough et al., 1999). The simulated canals in resin were considered an addition to the 
teaching value, they aided particularly in illustration of mechanical preparation and 
emphasising the principles and the manner in which the instruments act to prepare the canals 
(LaTurno et al., 1984). The use of simulated canals also allows us to have a reliable baseline 
and ensure the comparability of both file systems and enhanced the internal validity of the 
study. Extracted teeth will have multiple variations, such as degree, location and radius of the 
curvature as well as the shape, the length and the size of the canal. All these anatomic biases 
will have an effect on the outcome.  In order to try and over-come the potential for variability, 
the need for a larger sample size is mandatory, however having a very large sample size if not 
calculated well, might affect the outcome and show unrealistic significance. This happens 
because it can exaggerate the comparative values, which makes it easier to find significance 
statistically. 
 
Simulated canals are also easier to investigate for mechanical shaping and procedural errors, 
with different methods such as visualising under magnification or superimposing a pre and 
postoperative x-rays of them and detect the differences. When it comes to extracted natural 
teeth the procedure for comparison is much more complicated, they require teeth sectioning 
which is a destructive method and cannot be reversed or teeth clearing which is a complicated 
procedure and is time consuming.  
 
A fairly recent development in Computed Tomography (CT) imaging is Micro CT, which is 
a very accurate method for defining differences in geometrical dimensions compared to the 
previous methods (Ordinola-Zapata et al., 2016, Versiani et al., 2011) . It is a non-destructive 
method; however the equipment is very expensive and scanning teeth and acquiring images is 
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time consuming especially with a large sample size; it also needs powerful and highly complex 
software packages for image analysis. In addition an experienced operator with this, who has 
the knowledge and understanding of this technology needs to be conduct the process of 
scanning or guidance and help from specialists in this field is required. For these reasons, it is 
still not widely and frequently used in the field of endodontic research. 
 
Based on the results obtained, the ProTaper Next file system appears to have higher incidence 
of producing successful mechanical preparations clinically in hands of clinicians with limited 
experience and will tend to be more time efficient. Different studies in the literature showed 
relevance between the operator experience and its influence on the technical outcome, time of 
preparation and instrument breakage. Practitioners with no experience and limited experience 
tends to be less biased towards a specific type of file system , however practitioners with high 
level of experience tends to have better technical outcome and being more time efficient 
(Baumann and Roth, 1999, Mesgouez et al., 2003).  
 
We still need to interpret the results carefully when attempting to extrapolate to the clinical 
environment, due to the limitations of simulated canals. 
 
In the author’s opinion it is important that students use a file system that has a lower incidence 
of causing procedural errors, because that will affect their perception and their preclinical 
learning experience and will help them in achieving successful outcomes. Producing 
successful preparations will have an influence on establishing clinical skill and gaining more 
confidence during the preclinical training phase, which will reflect on their educational 
progress and clinical outcomes in the future.  
 
With a view to cost effectiveness, ProTaper Next will be more cost effective compared to 
ProTaper Universal based on the unit price per file and the clinical time saved during the 
procedure. Cost effectiveness may require a more profound way of investigation, it is still 
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important for clinicians to have information about the different characteristics of the file 
systems they are utilising on everyday basis. 
 
3.6 Conclusion: 
 
Within the limitation of the study, in hands of novice operators, PTN showed a lower incidence 
of procedural errors and better time efficacy during instrumentation of simulated canals 
compared with PTU. 
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4 Chapter 4: Microcomputed tomography & three-
dimensional image analysis 
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4.1 Introduction: 
 
Microcomputed tomography (µCT) provides an accurate map for the absorption of x-ray 
radiation, whether there is a clear defined sub-structure of different phases or a slowly varying 
density gradient. The images acquired can be of a spatial resolution better than one micrometre 
(Landis and Keane, 2010). X-radiation has been used for a long time for radiological imaging. 
The concept is simple to use and apply to acquire images, however a lot of limitations are found. 
The images are not more than two- dimensional images showing the variation of absorption of 
x-ray within the object in study. The results are useful when the information needed is easy to 
identify and interpret. The problem with two-dimensional images is sometimes the exact 
positioning and dimensions of the objects can be compromised or missed. Another problem is 
when the object in study overlaps with another structure, that will have an effect on the radiation 
absorption between the different objects and some features might be completely missed from 
the image (Landis and Keane, 2010). Computed tomography or CT scans were introduced to 
try to minimise or solve these problems. The CT scan utilises a stack of two-dimensional images 
acquired from different projections, by both the x-ray source and capture sensor rotating around 
the object or the object rotating in front of the X-ray source.   
 
The information gained from the projections is then combined and by using different algorithms 
depending on mathematical principles of tomography these images can be reconstructed in 
three-dimensions. Viewing the object in three-dimensions helps to exclude most of the 
surrounding noise and view the external and internal structure accurately based on the different 
density and absorption of the x-radiation. That concept was introduced initially in medical CT 
scans and then micro-CT machines were developed over the years. µCT machines are only used 
for in vitro imaging, due to the high radiation dose and long scanning time (Stock, 2008). 
Different types of materials or samples with different dimensions can be scanned. Some 
machines are manufactured for industrial purposes to be able to accommodate samples with 
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larger dimensions. Recently some companies, e.g. Bruker have introduced the SkyScan in vivo 
µCT scanners, which can be used for laboratory animals. 
 
Microcomputed tomography or micro-CT (µCT) is an imaging methodology, where individual 
projections recorded from different viewing directions are used to reconstruct the external and 
internal structure of the object of interest. The µCT machine works in a similar way as the 
medical CT.  The images are collected in the form of slices, but in a much higher resolution 
compared to the medical CT. The resolution can reach up to 0.5 microns with some machines 
(Bruker, 2013). All the images and data acquired are reconstructed in a three dimensional 
manner. The µCT acts as a 3D microscopy, where very fine details of the internal structure can 
be visualised and analysed without being invasive or destructive to the sample. The advantage 
of µCT compared to histology or teeth clearing in endodontics is that the same sample can be 
inspected and analysed multiple times without destruction during the process of either 
mechanical manipulation or different tests 
 
In µCT information from the two-dimensional images are combined and reconstructed to form 
a three-dimensional images. µCT images can encounter different problems and limitations, 
which can affect the accuracy, precision and clarity of the image. Reconstruction software must 
cope with different artefacts and noise that occurs during the experimental imaging (Stock, 
2008). Positioning errors are a major issue, ideally the µCT machine should have the component 
errors much smaller compared to the smallest voxel size specified, that will help the software 
to apply field correction and extract the highest quality data possible. 
 
The accuracy of the µCT reconstruction has been investigated in many papers and the slices 
have been compared to physical sections. The studies unequivocally demonstrated that the µCT 
reconstruction are very accurate, however some limitations were also identified (Stock, 2008). 
The limitations are related to the understanding of the technique and how to apply it and how 
to interpret the data and information acquired. Also having the knowledge and the appreciation 
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of what can be detected and resolved is very important. There are multiple factors such as spatial 
resolution, contrast, linear attenuation coefficient, field of view and also the different parameters 
to apply from the x-ray source during the experimental imaging, these factors will have a major 
effect on the data reconstructed and the quality and quantity of information that can be collected. 
 
Different errors such as, under sampling and reconstruction centre error, and some artefacts 
such as motion artefacts, ring artefacts, beam hardening, streak artefacts, and phase contrast 
artefacts, can happen during the scanning processes. Most of these artefacts will have an effect 
on the quality of reconstruction, some can be corrected during the reconstruction process and 
some can have a significant effect on the image quality (Stock, 2008). 
 
Motion artefacts occur due to minor movements of the sample during the projections. As the 
projections are collected with very high magnification to view very fine details, the movements 
can still be very minimal but have a significant effect on the image, causing it to be unrecognised 
in some situations. It is also more of a problem with soft tissue specimen as they are influenced 
by relaxing of the tissues, gravity and some drying of the tissue. 
 
Ring artefacts occurs during the image projections, and have an influence on viewing the 
images. They also interfere with the accuracy of the segmentation processes and quantification 
of the different phases of the samples in their dimensions and geometry. Ring reduction can be 
achieved by applying different types of filters through the reconstruction software, some of 
these filters can helps achieve good results. Using the correct type of filters, showed to have a 
significant effect on the reduction on the ring artefacts and noise compared to the non-corrected 
images (Davis and Elliott, 2006, Stock, 2008). 
 
Beam hardening is another artefact and one of the most common artefacts seen with tomography 
system using a conventional x-ray source emitting polychromatic x-ray beam. As the x-ray 
beam attenuates the sample appears less dense in the middle compared to the outer borders. 
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Beam hardening combined with scattering can cause cupping effect artefact. Trying to decrease 
the extreme variation of the beam energy in the polychromatic x-rays can assist in dealing with 
beam hardening; this can be achieved by physical filtering such as aluminium or copper. An 
alternative way to deal with beam hardening is by correcting the images during the 
reconstruction by applying a linearisation curve to minimise the effect happened due to the 
difference in absorption of the radiation at the centre and the borders of the specimen.  
 
Streak artefacts, are a non-physical streaks that show the same scattering effect on the image 
and radiate from high-absorption object with in the sample. Under sampling and reconstruction 
centre error are related to the field of view, degree of step rotation of the sample during the 
image projection and the accuracy of the centring of the sample during the collection of the 
projections. Appreciating the sample dimensions and applying enough safety margins and the 
right degree of rotation will minimise or exclude the under sampling issue. The reconstruction 
centre error is solved by a re-centralising algorithm that helps to minimise the error and make 
sure that it picks the best uniform centre from the slices during the stitching and reconstruction 
of the images. 
 
It is important to resolve any potential artefact or errors to achieve accurate and reliable images. 
This can be achieved by extensive testing prior to conducting any experiment. It is imperative 
to pilot different parameters and correction tools to optimise the images before in vitro testing. 
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4.2 Image analysis: 
 
Image analysis is the phase following acquiring and reconstruction of the images. Image 
analysis is conducted for different purposes such as, visualisation, measuring, quantitative or 
qualitative analysis, three-dimensional assessment and design. Many image analysis software 
packages are available with different capabilities and tools. Some of them are single software 
capable of doing all the required functions and some of them are packages combining multiple 
software, each one for a specific stage in the analysis process. Some software is very powerful 
and of high accuracy and some are very basic in their functions and their accuracy is not well 
verified (Stock, 2008) 
 
Working with images and reconstruction for three-dimensional models, accuracy becomes a 
major concern. The accuracy is initially and highly influenced by the scanner images and other 
parameters, that should be taken into consideration as mentioned previously in this chapter. 
Another secondary influential factor is the software used to reconstruct and analyse the images. 
After investigating and trialling different software packages, the Materialise software package 
(Materialise N.V., Leuven, Belgium), was chosen, for being powerful and with high capabilities. 
The two main software used from the package are Mimic (Materialise N.V., Leuven, Belgium) 
for image segmentation, quantitative analysis and three dimensional model reconstruction and 
3Matic (Materialise N.V., Leuven, Belgium) for the three dimensional models superimposition 
and comparison analysis. The accuracy of the software has been verified and showed to be 
highly accurate in comparison with histological sections and live measurements. The 
investigation of the package was done through multiple independent studies not influenced by 
the software company (Gelaude et al., 2008, Jamali et al., 2007, Moerenhout et al.). The process 
starts with segmentation and reconstruction of the three-dimensional model, both were carried 
out with Mimic software. The second stage was the superimposition and the comparison 
analysis, and these were done with 3Matic software. 
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Image segmentation is the process of dividing into a multiple segments or different groups of 
pixels. The aim of segmentation is to simplify the digital image into a simpler form of data that 
can be visualised or analysed (Shapiro and Stockman, 2001). The segmentation defines a group 
of pixels of a specific tissue or object of interest to be marked and then reconstructed as a three-
dimensional model for further analysis. There are multiple ways of doing the segmentation the 
standard way is the thresholding method, where a grayscale range is defined between two 
threshold values. The other two methods are edge-based methods and region based methods. 
The method is picked based on the images and the quality and how different the pixel values 
are from each other and if they are easy or difficult to separate. An example is shown in Figure 
14. The segmentation process is a very critical step in image analysis, because it decides the 
structure of interest and influence the qualitative and quantitative analysis to come after (Fourie 
et al., 2012, Xi et al., 2014) 
 
 
           A                                                  B                                                C 
Figure 14: Illustrates segmentation process and the application of different masks to the image in order 
to prepare for segmentation. 
A) Showing no masks applied. 
B) showing a mask applied in red colour to segment the root canal space.  
C) Showing 2 masks applied to segment the root canal space in red and the root structure in green. 
 
The second stage is the three-dimensional model reconstruction, and is undertaken by the mimic 
software utilising complex mathematical algorithms called marching cube algorithm. Basically 
the software takes the outer contour of the created mask in every image and interpolates between 
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them using triangles. Then the algorithm generates a triangular surface that approximates the 
ISO-surface at a given threshold, through a 3D grid of gray values. The software gives the option 
of having different quality 3D object presentation, the higher the quality the longer the time 
needed for calculations of the 3D objects and the higher the accuracy of the object dimensions 
and representation.  The software uses two different algorithms to produce a 3D presentation 
with higher accuracy; they are called the interpolation algorithm and contour algorithm. The 
type of algorithm to use can be chosen according to the tool and depending on the type, accuracy 
and dimensions of the 2D slices. Each algorithm provides higher accuracy in a different 
situation. The accuracy of the software in the 3D calculating procedure has been investigated 
and proven to be of a very high accuracy (Gelaude et al., 2008). With the mimic software the 
three-dimensional model provides plenty of information about the object of interest, such as 
number of pixels, surface area and volume. The three-dimensional models are then transferred 
to the 3matic software to be super-imposed and then analysed comparatively. 
 
The 3matic software is mainly used for different types of analysis, measurements and design. 
Super-imposition is the first step to carry out with the software. There are multiple ways of 
aligning and superimposing the objects of interest, some of them are manual or semi-automated 
and some are fully automated by the software, with the aid of mathematical algorithms. The 
manual tools are based on movement of the objects by the operator in three dimensions to try 
and get the objects aligned as much as possible based on visualising and comparing the 
alignment of the outer borders and the different colours of the two objects. The automated tool 
utilises different coordinates and the outer borders as well to align the objects. The tool also 
shows the difference error between the alignments of both objects. The accuracy and the number 
of iterations applied by the tool can be modified manually to achieve the best results. The 
process is applied multiple times, utilising different tools available to check if the outcome is 
the same each time. The process can be time consuming, but it provides confidence that the 
outcome is highly accurate. The software demonstrated very high accuracy in the super-
imposition of the objects. The error detected was less than one voxel or even better. The one 
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voxel represents the scan resolution, so if the scan resolution is 20 microns the error detected 
based on the difference error calculated and reported by the software will be less than 20 
microns. 
 
The second step done by the software was applying comparative analysis between the objects. 
The software applies different algorithms to compare between the changes happened to the 
object before and after the mechanical manipulation. The idea is to verify the difference between 
the static and dynamic voxels to calculate the difference between the two 3D objects. The voxels 
are the units building the three dimensional image. Some of these voxels stay the same when 
comparing the pre-operative and post-operative three dimensional image, these are called static 
voxels. The dynamic voxels are the ones that changed in comparison between the pre and post-
operative images. The output is in a form of a histogram segmented into different values and 
colours, showing the amount and place of dynamic voxels in different areas through the objects.  
The histogram shows different percentages in each area depending on the changes happened to 
the voxels between the 3D objects before and after the manipulation. In order to verify the 
applicability of the software capabilities and functions to the planned study, a pilot study was 
conducted to check if we could achieve the required outcome. 
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4.3 Pilot study: 
 
4.3.1 Introduction: 
 
The µCT imaging and analysis were utilised in many different studies in the field of 
dentistry in the past and more specifically in endodontics. Many different aspects were 
investigated utilising this technology. Some studies investigated morphology or 
anatomical features (Plotino et al., 2006, Swain and Xue, 2009, Versiani et al., 2011), 
other studies investigated geometrical, structural changes, procedural errors and the 
effect of the mechanical preparation on root canal systems (Capar et al., 2014b, Habib 
et al., 2015, Peters et al., 2001a, Peters et al., 2001b, Swain and Xue, 2009). 
 
There are plenty of challenges encountered during utilising the µCT technology. 
Generally the µCT scans is known for the long scanning time. Achieving the balance 
between acquiring high quality images and reasonable scanning time is the initial 
challenge. It is influenced by multiple factors, such as understanding and having the 
knowledge of the type of material to be scanned, the scanning parameters and their 
effect on the image quality and the time of scanning. 
 
The other aspect is choosing the image analysis software, which has the capability to 
analyse the object of interest, whether it is a qualitative or a quantitative analysis. The 
accuracy of the scan and the software used to analyse is also very important. All these 
aspects are subject to long learning processes with a lot of trial and error, depending on 
the amount of experience of the operator. A pilot study was designed to investigate all 
these aspects mentioned previously to reach the best protocol for conducting the in vitro 
study described in chapter 5. 
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4.3.2 Aim: 
 
The aim of this study was to investigate if the mechanical preparation done within the 
root canal system of the teeth by different rotary endodontic file systems can be detected 
and analysed; utilising the µCT imaging and materialise software package for image 
analysis. 
 
4.3.3 Methodology: 
 
The trial was conducted on a single mandibular molar. The initial step was choosing 
the suitable scanning parameters for the µCT machine (SkyScan 1272, Bruker 
Corporation). Several scanning parameters were trialled based on previous studies from 
the literature. 
 
 The aim was to achieve a high quality image showing the required information and a 
scanning time between thirty to forty minutes, the major parameters that were calibrated 
were the resolution, x-ray power, and degree of rotation of the sample, type of filtration 
and reconstruction parameters.  
 
One of the main factors that is affected by the resolution is the field of view (FOV) the 
higher the resolution the smaller the field of view.  The field of view has an effect on 
the scanning time, if the FOV is small the scanner will have to do multiple scans to 
cover the object of interest and that extends the scanning time by two or three times 
depending on the resolution. About ten different combinations of these parameters were 
trialled, until an image of high quality and the required scanning time was achieved.  
 
The molar was placed in a 5 cm plastic syringe, which was tight enough to make the 
molar stable in place during the scan as shown in Figure 15. 
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Figure 15 : Plastic syringes used to hold the molars to be fitted in the µCT machine. 
 
It was fixed to the standard holder that comes with the µCT machine to be fitted inside 
the scanner. The plastic syringe was only used as a holder during the calibration phase, 
until the suitable protocol and scanning parameters were established. The plastic 
syringe wasn’t a problem at the calibration phase, because there was no comparison 
between preoperative and post-operative images, otherwise it can have an effect on the 
accuracy of the superimposition and the analysis of the results. A custom made holder 
was then fabricated to accommodate the molar for scanning and to confirm the molar 
is placed in the exact same position between the different scans, shown in Figure 16. 
  
 
Figure 16: Custom made holders made from silicone to hold the molars in place during µCT scanning. 
 
The fabrication of the custom made holder needed some trial and error. The challenge 
was finding a rigid material that can keep the sample secure in place during the scan 
with no movement what so ever and not to get distorted while removing and placing 
 76  
 
the sample multiple times to ensure the accuracy of the position at every scan. The other 
side of the challenge is that molars or teeth in general have undercuts in their structure, 
so the material needs to be forgiving to allow the molar to go in and out. Different 
materials were tried such as acrylic, wax, rubber, silicone and addition-vulcanizing 
duplication silicone (Z-DUPE, HENRY SCHEIN®) was chosen. The material is used 
for duplication technique for laboratory impressions in the dental field and was 
satisfactory for being rigid enough to hold the sample stable during the scanning 
procedure and not to distort with repetitive removal and placement of the sample. 
 
The molar was fitted in the custom made holder and placed in the µCT scanner to be 
scanned preoperatively with the established parameters. The scan was done with the 
following parameters 20µm, 142 µA, 70Kv, 180° of rotation with 0.5° step of rotation 
and 0.5 mm aluminium filter. The total time of scanning was 27 minutes per sample. 
The image was reconstructed with the following parameters; ring artefact reduction of 
6, smoothing of 1 and beam hardening correction of 30%., Using NRecon 
reconstruction software provided with the µCT scanner. 
 
The molar was then accessed and mechanical preparation undertaken with the NiTi 
rotary file system XP-endo Shaper (FKG Dentaire SA, La Chaux-de-Fonds, 
Switzerland) size 0.30 mm, 1% taper and a tip of 0.15 mm, which achieves preparation 
of size 0.30 mm, 4 % taper and sodium hypochlorite used as an irrigant. The sample 
was then placed back in the custom made holder and placed again in the scanner for the 
post-operative scan. The molar was scanned again utilising the exact same protocol as 
the pre-operative scan. 
 
The pre and post-operative images were reconstructed with the same protocol and then 
transferred to a different computer to utilise the Materialise software package for 
analysis. The image stack was imported to the Mimic software to apply the first phases 
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of segmentation and three dimensional reconstruction. The gray scale values were 
modified, until an image with very minimal or no noise is achieved.  
 
Segmentation process was then applied trying different tools and the best results were 
achieved with the region-growing tool. The other tools for segmentation had multiple 
problems. The main issue using the thresholding was segmenting the root canal space 
without including the air space around the molar, because they had the same values and 
cleaning the generated mask or 3D model, used to consume a lot of time and influence 
the accuracy. The dynamic region-growing tool solved this problem by giving the 
flexibility of which area to apply the threshold and the accuracy of picking the areas to 
be included in the segmentation no matter how small it is. The mask generated by the 
segmentation tool was visualised and inspected to make sure all the area of interest is 
included. Once the segmentation process was satisfactory, a three-dimensional model 
was computed and generated by the software showing the preoperative root canal space 
of the molar. The same protocol was applied to the image stack of the post-operative 
images. 
 
Both 3D models were then transferred to the 3matic software for the second phase of 
the analysis, which is superimposing the pre and post 3d models of the canal space and 
apply a comparative analysis. 
 
The superimposition of the 3D models can be done by multiple alignment tools. At the 
start the problem was getting a high accuracy of the super imposition, because it will 
have an influence on the comparative analysis. The manual and automated tools were 
trialled each by itself and combined, until the satisfactory combination that showed 
consistent accurate results was figured out. Using the manual method first until 
achieving the best position visualised by the operator, helps in simplifying the process 
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for the automated tool and makes it more accurate. It is still a time consuming process 
compared to using the fully automated tool from the start.  
 
The automated alignment is applied multiple times until the error reported values by 
the software is lower than one voxel or even less, in some occasion an accuracy of less 
than 0.2 microns can be reached, which is of a much higher accuracy compared to one 
voxel (20 microns).  
 
After achieving the required superimposition, the comparative analysis tool is used to 
compare the differences between the 3D models. The tool allowed the operator to 
choose different 3D models for comparison analysis. The Post-operative model was 
chosen to be compared to the preoperative model, which is the original root canal space 
without any mechanical manipulation. A histogram was then computed and presented 
by the software to show different areas with different colours on the models. These 
areas were segmented into different percentages from the total structure and represent 
the amount of dynamic voxels compared to the static voxels. In a clinical context it 
reflects the amount of mechanical instrumentation applied to the canal walls inside the 
root canal system. The analysis was applied multiple times to verify if the percentages 
are consistent and accurate each time. 
 
The required scanning parameters to have a good quality sharp images were achieved. 
The reconstruction parameters were modified until a high contrast images with minimal 
noise were acquired. Different tools of segmentation and thresholding were trialled until 
the required area of root canal space was segmented accurately and excluding any other 
airspace surrounding the tooth image utilising the region dynamic growing tool. The 
3D models superimposition was achieved accurately utilising manual and automated 
tool. The comparative analysis tool was used to compare the pre and post-operative 3D 
models and the different areas and percentage of instrumentation. 
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4.3.4 Conclusion: 
 
The pilot study showed a successful attempt of utilising the µCT technology for 
assessment and analysis of the efficacy of root canal instrumentation.  
 
Based on the pilot study findings, a randomised controlled single blinded in vitro trial 
was designed to investigate and compare in mandibular molars the efficacy of two 
rotary NiTi file systems claiming to achieve high percentage of root canal 
instrumentation, while conserving the tooth structure. 
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5 Chapter 5: An investigation of the efficacy of 
instrumentation in Mandibular Molars using the XP-endo 
Shaper NiTi rotary file Vs ProTaper Next rotary file: A 
Micro CT Analysis. 
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5.1 Introduction: 
 
The root canal system is highly complex; canal shape can vary from tooth to tooth and even 
between roots of the same tooth. Canals can be oval or C-shaped in cross-section; they 
sometimes split or join through an isthmus. Different studies, such as dye and micro CT studies 
have illustrated this complexity (Plotino et al., 2006, Swain and Xue, 2009). This explains the 
difficulty in accessing or fully reaching some areas inside the root canal system. In the face of 
such complexity, standard nickel titanium files do not always achieve the ideal preparation 
during root canal instrumentation. Despite their flexibility and different movements inside the 
root canals, the files tends to create cylindrical shapes only, replicating their geometrical 
dimensions and thus cannot reach certain parts of the canal during mechanical preparation. 
Several studies involving micro CT technologies have shown that, when standard nickel 
titanium files are used to prepare the root canal, only 40-70 percent of canal walls are actually 
instrumented (De-Deus et al., 2015, Peters et al., 2001b). Various complementary techniques, 
such as the use of a high concentration of sodium hypochlorite (NaOCl) or Ethylene-diamine-
tetra-acetic acid (EDTA) as irrigants with the aid of ultrasonic or lasers lead to a slightly better 
results, which can be improved if these root canal walls are mechanically instrumented, before 
applying these complementary techniques (Hülsmann et al., 2005a).  
 
Developing of a NiTi root canal instrument with high instrumentation efficacy has been of an 
interest to different manufactures. Different endodontic NiTi file systems were introduced 
recently, that claim to use single file as to conserve tooth structure. In 2009 the self-adjusting 
file (SAF) (ReDent-Nova, Ra’anana, Israel) was introduced (Metzger et al., 2010). In 2015 
TRUShape 3D Conforming File (Dentsply International, Inc., USA) (DENTSPLY, 2015) was 
introduced. Both files were adopting the concept of achieving three-dimensional shaping, 
while respecting the canal anatomy and preserving the root dentine. More recently XP-endo 
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shapers (XPS) and XP-endo finishers (XPF) (FKG Dentaire SA, La Chaux-de-Fonds, 
Switzerland) (FKG, 2017) shown in Figure 17 were introduced.  
 
                    A                                                                                       B        
Figure 17: showing, (A) XPS file & (B) XPF file. 
 
The files are made of a highly flexible nickel titanium alloy called MaxWire®. This NiTi alloy 
is a thermally treated alloy combining two different phases of the nickel titanium alloys in the 
file. The two different phases are martensitic and austenitic phases and transformation 
between both phases happens reversibly between when exposed to different temperatures. The 
XP-endo Shaper is in the martensitic phase in room temperature and transforms to the 
austenitic phase starting from a temperature of 35 degrees C shown in Figure 18. 
 
Figure 18: showing the XPS file in the martensitic and austenitic phase 
 
The File should transform to the austenitic phase when the file touches the root canal walls to 
prepare them. The XPS with ISO #30 in diameter and 1 percent taper and achieves a 
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preparation of minimum size #30 and 4 percent taper and the XPF with ISO #25 in diameter 
and 0 percent taper. The XPS works with a new concept and described as adaptive core 
technology. This technology makes the core of the file expands horizontally and adapts to the 
canal wall anatomy and not like the conventional file systems, it moves freely inside the canal 
and only contacts the canal walls in one site. That helps in making the file more efficient, but 
without occluding the dentinal tubules and also facilitates debris removal. The manufacturer 
also claims that the file causes turbulence inside the canal due to the free movement and that 
facilitates the flow of the irrigant and the penetration inside the dentinal tubules. Another claim 
is that the file has high flexibility and high resistance to cyclic fatigue and also is very gentle 
on the canal walls and does not generate stresses and dentinal micro-cracks. The manufacturer 
claims that the XPS allow better mechanical preparation and better instrumentation efficacy 
of the canals in areas previously impossible to instrument, and that efficacy can go up to three 
times more than the conventional instruments. However there is lack of evidence in the 
literature to support the claims of the manufacturer 
 
The XP-endo Finisher is mainly used as an anatomical finisher post preparation with any file 
systems with a minimum size of preparation of #25-30. The XPF is extremely flexible file and 
expands horizontally to contact dentine surface to scrape the walls and help in disrupting the 
biofilm, removing smear layer and debris in areas where the wider diameter files can’t reach 
and without changing the original shape of the canal and preserving the dentine (FKG, 2015). 
In addition it enhances the irrigation process by agitating the irrigant and increasing the flow 
inside the dentinal tubules. The concept depends mainly on a very small diameter and 0 
percent taper and high flexibility, which helps in fitting the file in a straight or a curved canal. 
Combining these characteristics with high rotation speed reaching up to 1000 RPM, helps in 
expanding the core of the file horizontally to increase the capacity of instrumentation up to a 
hundred folds of an equivalent sized file. Recent study has demonstrated the efficacy of the 
XPF in removal of debris and bacteria, colonised in dentinal tubules in comparison with 
conventional irrigation, sonic activation of the irrigant and laser activation (PIPS) (Azim et 
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al., 2016). The study compared 4 different irrigation protocols and their effect on bacteria 
inside dentinal tubules. They examined the penetration and effect of the irrigant by confocal 
laser scanning microscope. The 4 protocols were conventional needle irrigation, sonically 
activated irrigation, XPF activating the irrigant and erbium: yttrium aluminium garnet laser 
(PIPS). The assessment was measuring the quantity of live versus dead bacteria in the dentinal 
tubules. All protocols eliminated the bacteria significantly, But XPF had the greatest bacterial 
reduction in the 3 segments of the root (Coronal, middle, Apical) and PIPS showed highest 
deep penetration in dentinal tubules. 
 
The endodontic literature lacked any evidence or studies investigating the shaping ability of 
XPS file and its effect on root dentine preservation. In addition no studies investigated the 
shaping ability of the XPF file and its ability clean canal walls and preserve dentine. Hence a 
study was designed to help investigate the abilities of those files  
 
5.2 Aim: 
 
The aim of this study was to investigate the percentage of root canal surface instrumentation 
and amount of dentine preservation achieved by XP-endo Shaper (XPS) rotary NiTi file (FKG 
Dentaire SA, La Chaux-de-Fonds, Switzerland) versus ProTaper Next rotary (PTN)  NiTi file 
(Dentsply maillefer) in mandibular molars, using Micro Computed Tomography (µCT) 
imaging and three dimensional analysis. 
 
A second aim was to investigate if adding the XP-endo finisher (XPF) rotary NiTi file (FKG 
Dentaire SA, La Chaux-de-Fonds, Switzerland) to the preparation sequence as a finisher file 
will increase the percentage of instrumentation , and if that will be different between the XPS 
file system compared to the PTN file system. 
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5.3 Null hypothesis: 
 
There is no difference in the percentage of instrumentation achieved and the amount of dentine 
removed by XPS file compared to PTN file. 
 
There is no difference between the amounts of dentine removed in the coronal segment by 
XPS file compared to PTN file. 
 
There is no difference in the percentage of instrumentation achieved by XPF file after XPS 
file compared to the PTN file 
 
5.4 Materials and methods: 
 
5.4.1 Sample selection & standardisation: 
 
The design of the study was as randomised controlled single blinded in vitro trial. The sample 
size was twenty-four mandibular molars, based on sample size from previous studies (De-
Deus et al., 2015, Paqué et al., 2009, Paqué and Peters, 2011) . The teeth obtained from 
University of Liverpool tissue bank, after granting of University ethical approval. Standard 
plastic tubes were utilised to fix the Forty-seven mandibular molars in a predetermined 
position; these tubes helped in fixing the samples to the standard sample mounts provided with 
micro CT scanner, for placement inside the scanner. The samples were scanned to standardise 
the anatomy, dimensions, volume and degree of curvature of the root canal space, using (High 
resolution Micro CT scanner SkyScan 1272 (Bruker corporation) shown in Figure 19. 
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                  Figure 19: showing the Micro-CT machine used for scanning. 
 
The scanning was done using a resolution of 26um, 180 degree of rotation and 0.5 degrees 
rotation steps, 0.5 mm thickness aluminium filter and the time of scanning was 30 to 35 
minutes per tooth. The teeth were classified for anatomy as simple and complex based on their 
Vertucci classification of root canal system (Vertucci, 2005). 
 
The canals degree of curvature was measured using Schneider’s method (Schneider, 1971) 
and divided into 3 groups; which were less than 20 degrees curvature, between 20 to 40 
degrees and more than 40 degrees curvature. The volume divided the canal space into three 
groups, small, medium, and large, after quantifying the volume by using the image analysis 
software. The canal dimensions divided the molars into two groups based on their bucco-
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lingual and mesio-distal canal dimensions. The molars were allocated to the normal 
dimensions group if the mesio-distal dimensions were less than 1.5 times the bucco-lingual 
dimensions and were allocated to the wide dimensions group if the mesio-distal dimensions 
were equal to or more than 1.5 times the bucco-lingual dimensions. 
 
After categorisation twenty-four molars were chosen, each molar had a custom-made holder 
made to ensure that the molar had the same position for the pre-preparation and post-
preparation scanning to help in accuracy of imaging and further in superimposing the images. 
The molars were randomised using stratified randomisation method, taking into consideration 
the anatomy, degree of canal curvature and canal dimensions and volume. The samples were 
encoded to avoid any selection or operator bias and then were split into two groups, Group 1 
(G1) for XPS and group 2 (G2) for PTN. Each molar was scanned before undergoing 
preparation using (High-resolution Micro CT scanner SkyScan 1272) (Bruker Corporation) 
with a resolution of 20um, 180 degrees of rotation with 0.5 degrees of rotation step and a 0.5 
aluminium filter, with scanning time of 45 minutes per molar. 
 
5.4.2 Sample preparation: 
 
The molars were instrumented after the pre-preparation scanning. Group 1 was prepared using 
XP-endo Shaper size 0.30 mm, 1% taper and a tip of 0.15 mm, which achieves preparation of 
size 0.30 mm, 4 % taper. After negotiating the canals and achieving patency using size 10 k-
file and glide path using size 15 k-file, the preparation was done following the manufacturer 
protocol (FKG, 2017), using standardised amount of  sodium hypochlorite irrigation, one 
millilitre and by a single operator. Group 2 was prepared using ProTaper Next, X1 file size 
0.17mm tip, 4 % taper and X2 size 0.25mm tip, 6 % taper after achieving patency and glide 
path using size 10 k-file. Using standardised amount of sodium hypochlorite irrigation, one 
millilitre and by the same single operator. 
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The single operator was a senior postgraduate in the last year of his endodontics speciality 
training and was blinded to the preoperative images of the samples. The XP-endo Shaper 
preparation carried out in a water bath with the temperature controlled at 37 degrees Celsius, 
to resemble human body temperature. As the manufacturer mentioned that the file transforms 
from martensitic phase to austenitic phase when the temperature goes over 35 degrees Celsius. 
The setup was built to minimise any influence on the ability of the file to prepare the canal 
walls. Teeth were scanned post-preparation with Micro CT scanner with the same previous 
scanning parameters. 
 
Both groups G1 and G2 had another preparation after the post-preparation scan. The 
preparation carried out by XP-endo Finisher NiTi rotary file, size 0.25 mm and 0% taper, by 
the same operator and using standardised amount of irrigation of sodium hypochlorite (1 
millilitre). Both groups were prepared in a water bath with controlled temperature at 37 degree 
Celsius, as the file undergoes the same transformation between the alloy phases as mentioned 
previously with the XPS. Both groups were scanned again after the XP-endo finisher 
preparation, utilising the custom made holders and with the same scanning parameters. 
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5.4.3 Micro-CT evaluation: 
 
All the data set of images underwent reconstruction using a software provided with the Micro 
CT machine called NRecon (Bruker Corporation) shown in Figure 20. 
 
 
Figure 20: showing the interface of the NRecon software for data reconstruction 
 
As shown in Figure 21 different parameters were applied to data during reconstruction, to 
reduce the artefacts and enhancing the images quality (Ring artefact reduction factor of 5, 
beam hardening correction of 30% and smoothing factor of 1). 
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Figure 21: showing NRecon software interface with different reconstruction parameters. 
 
 A password encrypted external hard drive utilised to transfer and store the image data set. A 
software used for image analysis called Mimics (Version 19.0) shown in Figure 22, was used 
for data set importing, segmentation and three-dimensional reconstruction of the images for 
the three different datasets, the pre-preparation, post preparation for G1 and G2 and post-
preparation with XPF for both groups.  
 
 
Figure 22: Showing the Materialise mimic software interface. 
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The three-dimensional reconstructed images were transferred to another software as binary 
STL files; called 3Matic (Version 11.0) shown in Figure 23. 
 
 
Figure 23: showing the Materialise 3-matic software interface 
 
The 3-matic manipulated the three-dimensional images for superimposing, visualising, and 
creating comparison analysis for the pre-preparation and post-preparation images. Utilising 
manual and automated tools and an iterative algorithm; helped to achieve accurate positioning 
of the images. The software managed to achieve error in distance less than 2 microns. 
 
 Comparison analysis tool was used to identify the changes between the preoperative and 
postoperative images by running different algorithms to detect the different static and dynamic 
voxels. Presentation of the analysis was presented by a histogram, which showed different 
percentages of different areas prepared inside the root canal space, and expressed by different 
colours and values, an example is shown in Figure 24. 
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Figure 24: Illustrates the histogram showing different colours and percentages of static and dynamic 
voxels. 
 
5.4.4 Statistical analysis: 
 
The raw data was collected and entered in Microsoft excel 2013 and then transferred to SPSS 
statistics 24 for statistical analysis. Descriptive statistics was undertaken to represent the mean 
and standard deviation of the data. A univariate analysis tests was applied to the data to check 
if the difference in percentage of instrumentation, difference in volume of total canal space 
and in coronal segment of root canal space between preparations done by XPS and PTN is 
significant. Another univariate analysis test was applied to check if the difference of 
instrumentation percentage achieved by XPF file post both file systems XPS and PTN is 
significant. 
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5.5 Results: 
 
Figure 25 showed examples of images for the pre-operative scans, post-operative scans and 
the comparison analysis of the canal walls instrumentation.   
 
 
 
 
Figure 25: A) Canal space pre-preparation (Green), (B) Canal space post-preparation (Red) and (C) 
Canal space comparison analysis of pre & post preparation (multiple colours illustrates areas of canal 
space preparations with different depth in dentine ) 
 
A B 
C 
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The total number of roots, which were available for analysis, were 46 for group 1 XPS and 46 
for group 2 PTN. The two roots in group 1 (mesial and distal) were excluded due to an error 
which occurred during the scanning. The two roots in group 2 (mesial roots) were excluded 
due to instrument fracture during mechanical preparation. 
 
 
 
Figure 26 showed a graph representing the means and standard deviation for each file system 
in mesial and distal roots. The XPS file system showed higher percentage mean of root canal 
wall instrumentation in both mesial and distal roots compared to the PTN file system. The 
mean percentage of canal wall instrumentation, in mesial roots being 66% for XPS and 59% 
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Figure 26: Percentage of canal wall instrumentation in mesial and distal roots with 
XP-endo Shaper and ProTaper Next. 
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for PTN. In the distal root recorded a mean percentage of 58% for XPS compared with 46% 
for PTN. 
 
Univariate Analysis: percentage of instrumentation with XPS & PTN 
Factors df F Significance 
Value 
File system 1 9.743 0.003 
Canal type 1 1.224 0.275 
Pre-op Vol. 63 16.388 0.000 
 
Table 6 showed the effect of different factors such as file system, canal type, and pre-operative 
volume on percentage of instrumentation of both file systems In univariate analysis the file 
system and pre-operative volume variables showed a statistically significant effect on the 
percentage of canal wall instrumentation of (p<0.003) and (p<.000) respectively. In addition, 
the difference in canal wall percentage between the two file systems was statistically 
significant with p value of <0.003 as using the univariate analysis. The P value comes from a 
linear model adjusting for the pre-operative volume and canal type. 
 
Table 6 : Univariate analysis of Percentage of instrumentation, showing the influence of different variables 
on the percentage of instrumentation. 
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Figure 27 showed a graph representing the means and standard deviations of the difference in 
volume for each file system in mesial and distal roots. For both file systems the mesial roots 
prepared XPS showed much lower difference in volume between the pre-operative and post-
operative canal space compared to the PTN. In the distal roots, the difference in volume of 
root canal space with the PTN was nearly double that of the XPS. 
 
274824.40
143622.16
482904.78
282400.00
0.00
100000.00
200000.00
300000.00
400000.00
500000.00
600000.00
700000.00
800000.00
Mesial Distal
Difference in volume of canal 
space in µm³ with XPS & PTN
XPS PTN
Figure 27: Difference in volume in mesial and distal roots with XP-endo Shaper and ProTaper Next. 
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Univariate Analysis: Difference in volume with XPS & PTN 
Factors df F Significance Value 
File system 1 4.657 0.037 
Canal type 1 4.432 0.042 
Pre-op Vol. 63 0.553 0.461 
 
Table 7 showed the effect of different factors such as file system, canal type, and pre-operative 
volume on the difference in volume in mesial and distal roots, with XPS and PTN file systems. 
The file system and canal type showed to have a significant effect on the difference in volume 
of root canal space between the pre-operative and post-operative volume with p values of 
<0.037 and <0.042 respectively. The difference in volume between the two file systems was 
statistically significant with value of p<0.037 as reported from the general linear model 
adjusting for the canal type and the pre-operative volume. 
 
Table 7: Univariate analysis: Difference in volume, showing influence of different variables on the the 
difference in volume with XPS & PTN. 
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Figure 28 shows a graph representing the means and standard deviations of the difference in 
volume in coronal third for each file system in mesial and distal roots. In the mesial roots, the 
XPS showed lower difference in volume between the pre-operative and post-operative coronal 
canal space compared to the PTN. In the distal roots, the difference in volume of the coronal 
third of root canal space with the PTN was nearly three times that of the XPS. 
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Figure 28: Difference in volume in coronal third in mesial and distal roots with 
XP-endo Shaper and ProTaper Next. 
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Univariate Analysis: Difference in volume in coronal third 
 with XPS & PTN 
Factors df F Significance Value 
File system 1 2.072 0.158 
Canal type 1 0.072 0.792 
Pre-op Vol. 1 1.561 0.219 
 
Table 8 showed the effect of different factors such as file system, canal type, and pre-operative 
volume on the difference in volume in coronal third in mesial and distal roots, with XPS and 
PTN file systems. The analysis showed that none of the factors had a significant effect on the 
difference in volume in the coronal third. In addition, it showed no statistical significant 
difference between the two file systems or between the mesial and distal canals. 
 
Table 8: Univariate analysis: Difference in volume in coronal third, showing influence of different 
variables on volume of the coronal third with XPS and PTN  
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Figure 29 shows a graph representing the means and standard deviation of percentage of canal 
wall instrumentation with XPF after each file system in mesial and distal roots. The percentage 
of canal wall instrumentation with the XPF was similar after both file systems in the mesial 
and distal roots. The XPF showed slightly higher mean percentage of instrumentation in distal 
root compared to the mesial root after both file systems.  
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Figure 29: Percentage of canal wall instrumentation with XPF after XPS and PTN file systems 
in mesial and distal roots. 
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Univariate Analysis: percentage of instr. with XPF 
Factors df F 
Significance 
Value 
File system 1 0.294 0.590 
Canal type 1 0.310 0.581 
Pre-op Vol. 1 0.851 0.362 
Table 9: Univariate analysis: Percentage of instrumentation with XPF file, showing influence of 
different variables on the percentage of instrumentation with XPF. 
 
Table 9 showed the effect of different factors such as file system, canal type, and pre-operative 
volume on the percentage of instrumentation of canal walls with the XPF file. The three factors 
did not have any significant effect on the percentage of instrumentation with the XPF file. The 
different percentage of instrumentation with the XPF file after the XPS or PTN did not show 
any statistical significance. 
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Figure 30 shows a graph representing the means and standard deviation difference in volume 
happened with XPF after each file system in the mesial and distal roots. The difference in 
volume in the distal roots was higher than the mesial roots in both file systems. The difference 
in volume in the mesial roots and distal roots was close in value for both XPS and PTN.  
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Figure 30: Difference in volume in mesial and distal roots after instrumentation  
with XP-endo finisher post XP-endo Shaper and ProTaper Next. 
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Figure 31 showed the means and standard deviations of percentage of canal wall 
instrumentation of XPF file post both file systems XPS and PTN The percentage of 
instrumentation combining the XPS file system and the XPF file was 71.5 % for mesial roots 
compared with 64.9% combining the PTN file system and XPF file. In distal canals, the 
percentage of instrumentation with combining the XPS file system and XPF file is 64.7 %, 
while the percentage with combining the PTN file system and XPF file is 51.6%. 
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Figure 31:  Percentage of canal wall instrumentation with XPF file 
 post XPS and PTN. 
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5.6 Discussion: 
 
For several decades, the main problem with root canal treatment is the high variation and 
complexity of the root canal anatomy (Peters, 2004, Vertucci, 2005). This complexity had a 
significant influence on the mechanical instrumentation of the root canal space, endodontic 
files were unable to instrument some areas and the cleaning is mainly dependent on the 
chemical aspect either by intra-canal medication or irrigants with the aid of ultrasonic or lasers 
(Hülsmann et al., 2005a). Some concepts are using rotary NiTi file systems designed with 
large tapers to create more space for the irrigants to enhance irrigant flow inside canals and 
achieve better chemical cleaning.  In addition, creating larger apical size preparations can 
result in reduction in bacterial load and enhance irrigant flow. Most of these preparations are 
not conservative, due to excess dentine removal resulting in dentinal cracks and weakened 
tooth structure, which can affect the long-term survival of the tooth (Bier et al., 2009). 
 
This study investigated the efficacy of mechanical instrumentation of canal walls and 
geometrical changes using µCT. Previous reported methods of assessing the efficacy of 
mechanical preparation of root canal spaces were in-vitro studies using cleared extracted teeth, 
silicone impressions of the canal space, teeth horizontal sectioning, vertical  splitting, muffle 
system and superimposition of radiographs (Barthel et al., 1999, Bramante et al., 1987, 
Hülsmann et al., 2005b, Nagy et al., 1997, Schneider, 1971, Weine et al., 1975). All these 
methods were inferior to the micro CT used in this study. Micro-CT proved to be beneficial 
and highly accurate to use for this type of investigations and analysis (Fernandes et al., 2016, 
Plotino et al., 2006, Swain and Xue, 2009). In this study micro CT, showed the benefit of 
being non-destructive, and allowing the samples to be analysed several times on different 
occasions after multiple manipulations. 
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This study highlighted the efficacy, shaping, expansion abilities and conservative preparation 
of the recently introduced instrument (XPS). The file represent a new generation of NiTi rotary 
files that can expand beyond its core. The available standard NiTi rotary files doesn’t not show 
the same properties despite of their flexibility and alloy properties. In this study the PTN NiTi 
rotary file was chosen for comparison, because of its wide use, off centred design and 
asymmetrical rotary motion to improve shaping efficiency and more importantly its ability to 
respect the root canal anatomy and conserve dentine (Gagliardi et al., 2015, Wu et al., 2015).  
 
The findings of the study showed lower efficacy of canal wall instrumentation using PTN 
compared with the XPS. The results showed that XPS achieved higher percentage of 
mechanical instrumentation of the root canal walls compared to the PTN with statistically 
significant difference. Based on these findings the null hypothesis suggesting no difference in 
percentage of root canal wall instrumentation was rejected. The percentages achieved with the 
XPS are comparable to the percentages achieved with other types of engine drive file systems 
before in the literature (De-Deus et al., 2015, Paqué and Peters, 2011, Peters and Paqué, 2011). 
Previous micro CT studies suggested that 45-65% of the canal walls instrumented (Peters et 
al., 2001b) which was lower than the results obtained in this study. A recent study published 
in September 2017 by Azim et al. showed a similar percentage of root canal instrumentation 
to this study and demonstrated that the XPS can expand beyond its core and adapt to root canal 
anatomy. Although the results are comparable to this study, the analysis by Azim et al. was 
done on lower anterior teeth with oval shaped canals and the scanning resolution was 25 
microns which is lower resolution compared to this study (Azim et al., 2017). The percentage 
of instrumentation found by Azim et al shows similar percentage of instrumentation in the 
same canal anatomy, which is the oval shape in the lower mandibular anterior teeth and the 
distal roots of the mandibular molars. However, in this study the mesial roots showed higher 
percentage of instrumentation compared with distal roots and the results from Azim et al. 
study. 
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In this study the XPS and PTN were affected by the preoperative volume of the root canal 
space. The XPS performed better in tighter canal spaces like the mesial roots compared to 
distal roots. XPS was also more conservative in removing root dentine compared to PTN with 
statistically significant difference in both mesial and distal roots, hence the null hypothesis 
suggesting no difference in dentine preservation between the two file systems was rejected. In 
the coronal third of the canal, although PTN removed more dentine compared with XPS, 
however this was not statistically significant. This agrees with the null hypothesis suggesting 
there in no difference in the amount of dentine removed in the coronal segment of the root 
canal between the two file systems. Although there was no statistical significance detected, 
this was likely due to the study being underpowered as the sample size calculation was 
computed for different outcome measure. Increasing the sample size if the study to be repeated 
in the future, might show statistical significance between the two file systems XPS and PTN, 
however that will have a greatly increase the time for scanning and analysis. The difference 
in taper created by the 2 file systems (6% for PTN, and 4% for XPS) may be the reason for 
this difference in dentine preservation. Clinically, the coronal third of the root is a critical area 
that affects the strength of the tooth structure, so trying to remove less dentine in this area 
without compromising the mechanical instrumentation efficacy is preferable. 
 
Despite conservative nature of XPS, it still achieves high instrumentation efficacy, which 
gives a better chance for the irrigant to flow, clean and at the same time leave the tooth with a 
stronger structure. In addition a study conducted recently by Bayram et al. showed that the 
XPS did not induce any dentinal micro-crack propagation during instrumentation of the root 
canal system (Bayram et al., 2017). This is also explained by minimal stress induced by the 
files outer surface on the canal walls. More root canal space during the instrumentation process 
can allow debris to escape the canal which results in decreased resistance on the canal walls. 
The XPS was found to have a limited expansion beyond its core, which was demonstrated 
with lower percentage of root canal walls instrumentation in wider and oval shaped canals 
found in distal roots. The file achieves maximum expansion when it undergoes transformation 
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from martensitic to austenitic phase at approx. 35-37°C. The transformation temperature was 
maintained during the experiment, however in reality the file may not reach the required 
temperature as the dentine is not a good thermal conductor. In addition dental dam isolation 
and the irrigant temperature can also influence the surrounding temperature. The deficiency 
of XP file expansion may be helped by a higher speed of rotation than the 800 RPM 
recommended by the manufacturer to help achieve a better horizontal expansion. 
 
XPF was found to have a minimal percentage of instrumentation and dentine removal after 
both file systems (XPS and PTN) with no statistically significant difference in both roots. 
Therefore, the null hypothesis was accepted. The XPF appeared to have a better 
instrumentation efficacy in wide canals, as seen in distal roots compared with canals in mesial 
roots. That can be interpreted that the file has a good ability of expanding beyond its core 
when enough space is present. In the author’s opinion, the increase in efficacy and improved 
expansion might be related to the design of the file with high flexibility (0% taper) and the 
high file rotation speed (800-1000 RPM). 
 
The study design (randomised single blinded), standardising the molars, considering different 
variability in groups and applying stratified randomisation, aimed to attempt to minimise any 
source of bias on the results. Despite using stratified randomisation, there was still some 
imbalance in the preoperative volume between the two groups. This imbalance resulted in the 
use of difference in volume between the pre-operative and post-operative images for the 
statistical analysis, instead of the final volume, to minimise any bias. 
 
 Mandibular molars were chosen because of the presence of complex anatomy, such as 
isthmuses in mesial root and oval shape canal in distal root. The isthmuses and the oval shape 
canals were considered a challenge for mechanical instrumentation. Pre-scanning with µCT 
was done to assess canal anatomy in mandibular molars which normally have  high variation 
of root canal anatomy (Vertucci, 2005) in order to balance the groups. 
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In this study a single operator carried out all the preparation procedures to reduce the variation 
that might occur between different operators, however, that can still result in some bias, due 
to intra-operator variability during the procedure, which might influence the outcome. The 
intra-operator variability effect can be tested and rectified by applying intra-operator 
variability test, which will show the level of preparation consistency between samples. This 
should be considered if the study design is conducted in the future.The preparation with XPS 
and XPF was carried out in a water bath of 37 degrees C to avoid any effect on the phase 
transition of the alloy. Although the other group (PTN) was not prepared in the same water 
bath, the teeth were still prepared with irrigation similar to the other group. 
 
Custom made holders for the samples were used in micro CT scan to help avoiding 
inaccuracies during superimposition of the pre and post-preparation images. The Materialise 
software package was chosen for its high accuracy in segmentation and three dimensional 
model reconstruction showed by independent studies (Gelaude et al., 2008, Jamali et al., 2007, 
Moerenhout et al., 2008). Although high accuracy of the software have been demonstrated, it 
is unknown whether the results will still be similar if a different software was used or a 
different operator used the software for analysis. A combination of manual and automated 
tools were used for the superimposition of the images to minimise errors and ensure accuracy 
of the results. Despite measures used to minimise the bias, there is still a possibility of 
inaccuracy, due to the limitations of µCT scanning and the potential for multiple sources of 
errors throughout the procedure starting with the scanning of the sample to the comparison 
analysis. 
 
The available evidence in the literature showed that the mechanical instrumentation of root 
canal walls helps to disrupt any biofilm present. Whether the improvement in percentage of 
root canal wall instrumentation will have a significant effect on the clinical outcome remains 
to be verified. However some researchers and clinicians have argued the importance of 
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achieving a higher percentage of canal wall contact with instruments, in order to improve the 
success rates of root canal treatment (Ng et al., 2007). 
The need for further research is necessary in order to investigate the effect of the 
instrumentation efficacy on the irrigant flow inside the root canal space. In addition, there is 
also a need to investigate the effect on bacterial load and clinical outcome of root canal 
treatment. 
 
5.7 Conclusion: 
 
Within the limitation of the study, the XPS file system achieved higher percentage of root 
canal wall instrumentation compared with PTN file system. The XPS showed more 
conservative root canal preparation compared with PTN. 
 
XPF file used as a finisher file after both rotary file systems XPS and PTN improved the 
percentage of root canal wall instrumentation without a significant effect on further loss of the 
root dentine. 
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6 Chapter 6: Clinical implications & future research 
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6.1 Clinical implications 
 
The outcome of the first study showed a significant difference between the number of 
procedural errors between both file systems ProTaper Universal and ProTaper in the hands of 
novice users (Undergraduate students). In addition the ProTaper Next appeared to be more 
time and cost effective. Novice users of the ProTaper Next file system are more likely to have 
a higher number of successful root canal treatments and this will improve the operator 
confidence in endodontic instrumentation, especially if the operator is in early stages of 
training. 
 
The outcome of the second study revealed the ability of root canal instrumentation of a newly 
introduced file system to the market to instrument root canals. The XP-endo Shaper was 
effective in mechanical instrumentation of root canal walls and also conserved root canal 
dentine in comparison to the ProTaper Next rotary system. In addition finishing the root canal 
preparation using XP-endo Finisher file improves the percentage of canal wall 
instrumentation, without further compromising the root dentine. These findings will be 
reflected clinically in better mechanical instrumentation of the root canal system without 
adversely affecting the strength of the root, theoretically this should result in better outcomes 
for root canal preparation and long-term tooth survival.  
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6.2 Future research 
 
 Investigation of recent file systems such as, ProTaper gold, Wave one gold, and Reciproc 
blue for their technical outcomes, procedural errors and time efficiency in the hands of 
novice operators. Using human extracted teeth and micro-computed tomography 
technology will help to avoid the draw backs of using simulated canals in resin blocks. The 
outcome of these investigations should help in informing and applying modifications to 
the preclinical training protocol for Dental Students. In addition it should help in 
recommendation of what file system is more safe and efficient for newly qualified dental 
practitioners. 
 
 Further investigations should be conducted regarding the XP-endo Shaper file as a 
continuation phase to this study and based on the findings. 
 
 The 1st phase will be to investigate the irrigant flow and reachability inside 
dentinal tubules. This can be carried out using radiopaque irrigant or using the 
standard irrigant (NaOCl) mixed with a radiopaque material evaluated by micro-
CT and image analysis. 
 
The 2nd phase is to see the effect of the mechanical instrumentation on bacterial 
debridement and disruption of the biofilm. That can be investigated using scanning 
electron microscope or laser confocal microscopy. 
 
The 3rd phase will be to investigate if using this file system has an effect on the clinical 
success in patients, by running a randomised controlled trial. The assessment should be 
done by cone beam CT, in order to avoid the drawbacks of two-dimensional radiographs 
and to verify real difference in clinical success compared to the present percentages in 
the literature.  
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6.3 Conclusions 
 
The narrative review of the endodontic literature regarding root canal instrumentation 
revealed some gaps in the area of operator experience, specially inexperienced users and 
the effect of their skills on the root canal instrumentation and the incidence of procedural 
errors. In addition there was a lack of evidence regarding recently introduced rotary NiTi 
file system and their ability to instrument root canals. 
 
The use of ProTaper Next file system over ProTaper Universal file system by novice 
users; (Undergraduate dental students in preclinical training or clinical environments or 
newly graduated general dental practitioners in a clinical environment), can result in 
fewer procedural errors, improved time efficiency and better technical outcome of root 
canal preparation. 
 
The use of recently introduced XPS NiTi files produced a higher percentage of root canal 
wall instrumentation compared with PTN, whilst also preserving the root dentine. The 
use of XPF NiTi finisher file after XPS or PTN showed further improvements in root 
canal instrumentation percentage without significant detrimental effects on dentine 
preservation. 
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